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A B S T R A C T

Flooding due to heavy rainfall events causes massive damage to public infrastructure and private properties, 
necessitating effective flood protection systems. This study develops a novel self-rising floodwall system (SRFS) 
which consisted of a hollow thin wall made using Ultra-High-Performance Fibre-Reinforced Concrete (UHPFRC) 
filled with expanded polystyrene (EPS) foam. The wall is designed to operate without the need for external 
mechanical power sources or sensors. The full-scale prototype of the SRFS was cast and tested in a large acrylic 
water tank specifically designed for this purpose, followed by an evaluation of its resistance to lateral quasi-static 
loads to investigate water hydrostatic pressure performance. Additionally, 3D nonlinear finite element analysis 
(FEA) model was developed to simulate the structural response of the floodwall under lateral hydrostatic 
pressure. The test results showed that the developed UHPFRC self-rising floodwall configuration exhibits the 
desired buoyancy characteristics, effectively floating under the upward pressure of rising water. Moreover, the 
wall showed excellent resistance to hydrostatic pressure. The FE analysis results agreed well with the experi
mental results, further confirming the floodwall’s effectiveness. Furthermore, parametric studies using FE 
analysis were conducted to assess the influence of UHPFRC strength and wall thickness on performance of the 
SRFS and refining the structural design. Consequently, the increasing UHPFRC strength enhanced the wall’s 
resistance to lateral loads. Additionally, increasing the wall thickness by 10 mm significantly improved its load- 
bearing capacity from 73 % to 143 %. Overall, this novel floodwall proposed in this study can provide a sig
nificant contribution to efficient floodwall protection systems.

1. Introduction

The increasing frequency and intensity of extreme weather events, 
such as floods, often result in significant human and economic losses [1]. 
These events often occur with little or no warning, making them chal
lenging to manage and mitigate effectively [2,3]. Recent flood protec
tion systems range from permanent barriers with underground cut-off 
walls to temporary and demountable structures offering varying levels 
of protection against these alarming events [4–7]. Permanent flood 
barriers offer excellent protection due to their underground cut-off 
barriers, which effectively control seepage, a feature lacking in tempo
rary barriers [8]. While this system’s independence from operational 
systems reduces failure risks, its high cost and obtrusive nature limit its 
practicality, especially in regions with low flood risk [9]. In contrast, 
temporary barriers are flexible enough to be quickly erected anywhere, 

relatively inexpensive, and easily stored. However, this system’s draw
back is high seepage rates. Demountable systems offer improved seepage 
control but come with higher costs and reduced flexibility compared to 
fully mobile flood barriers [6,10].

For flood mitigation strategies, sandbags are commonly used but are 
ineffective against high-velocity floods and require labor-intensive, 
time-consuming setup [7,9]. Other solutions, such as dike systems and 
mobile flood protection walls, can be effective in certain situations but 
face limitations in urban settings, where spatial constraints and the need 
for unobstructed access often complicate their implementation [3,11]. 
Recent advancements, such as self-closing flood barriers (SCFB), which 
use the approaching floodwater to automatically raise the barrier, and 
smart flood barriers (SFB), can address these limitations by incorpo
rating automated features or pre-installed components into the system 
[1,12–14]. However, such systems still need infrastructure, complex 
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configuration and assembly, or operational power, which limits their 
efficiency and affordability in large-scale or diverse environmental 
contexts.

Several efforts have been made by many researchers to evaluate the 
effectiveness of barrier designs, through experimental and simulations 
investigations. Baiz [14] developed smart wall system using fibre rein
forced concrete (FRC) uses interlocking boxes that automatically con
nect when extended and evaluate its performance under static and 
impact load. Krishnan [15] conducted a 3D finite element analysis using 
ANSYS to evaluate a proposed self-closing flood barrier composed of 
aluminum and filled with polystyrene. Rappazzo and Aronica [6] used a 
2D hydrodynamic model to replicate Barcelona’s ’dry proofing’ flood 
measures, demonstrating that such barriers can significantly mitigate 
flood risks. Al-qaisi and Al-rammahi [16] employed parametric simu
lations using ANSYS to optimize floodwall barrier cross-sections, 
balancing resistance to hydrodynamic forces with economic efficiency, 
identifying best profile section for stability and cost. Similarly, Petrů 
et al. [17] experimentally and numerically evaluated proposed mobile 
flood barrier performance under real flood condition. Petru et al. [18]
again developed light-weight, cost-effective, easy install anti-flood 
barrier and evaluated experimentally and numerically. Srb et al. [19]
employed the Coupled Eulerian-Lagrangian (CEL) approach in Abaqus 

to simulate barrier deformation under dynamic hydrodynamic impacts. 
Gupta et al. [4] tested various barrier configurations in a flume, 
concluding that a low-height steel frame with high-quality fibre reduced 
risks of overturning and leakage.

Considering the above, despite the widespread implementation of 
various flood barriers, efficiency and effectiveness in mitigating flood 
risks remain challenges. This study introduces a novel self-rising flood
wall system (SRFS) utilizing lightweight ultra-high-performance fibre- 
reinforced concrete (UHPFRC). The developed SRFS offers power- 
independent, easily installable, and fully automatic operation, suitable 
for various settings without lateral support. This research involved 
developing and optimizing the floodwall’s configuration and di
mensions. A non-linear finite element analysis (FEA) was conducted. 
Subsequently, The SRFS’s rising mechanism was tested under upward 
pressure from rising water, followed by experimental testing to evaluate 
its resistance to lateral quasi-static loads to validate the FE model. 
Finally, a parametric study using FE examined the influence of UHPFRC 
strength and wall thickness.

2. Self-rising UHPFRC flood barrier development

The self-rising flood barrier is designed using ultra-high-Performance 

Fig. 1. Developed self-rising flood system at rest and function.
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fibre reinforced concrete (UHPFRC) to ensure excellent durability and 
performance while maintaining a lightweight structure. The high 
strength and durability of UHPFRC have also led to its consideration for 
other demanding applications, such as floating structures for offshore 
wind turbines [20]. As shown in Fig. 1(a), the system comprises a 
self-rising floodwall made of UHPFRC, with the hollow section filled 
with expanded polystyrene foam. This wall barrier is placed within a 
sealed chamber constructed from impermeable normal-strength rein
forced concrete. The chamber is provided by sitting blocks below the 
floodwall and is sealed with rubbers at the top of the chamber, which 
minimize friction damage, prevent leakage, and enhance stability. The 
inlet water is connected to the chamber through the designed pipe for 
this purpose. This pipe incorporates a gritted box drain and a stormwater 
pipe valve strategically placed below the water inlet. This configuration 
prevents water pressure backflow and protects the surrounding soil 
supporting the wall from erosion. Additionally, the drainage system is 
positioned at a safe distance from the wall to mitigate any potential 
damage caused to the soil foundation during operation.

The proposed protective flooding wall system remains in its static 
position under normal conditions, with the wall resting beneath the 
ground on sitting blocks, as shown in Fig. 1(a). During a flood event, 
water begins to accumulate and is directed through a drainage system, 
where a portion flows into pipes connected to the chamber cell. As water 
enters the chamber, its rising level and the engineered gradient create 
pressure that lifts the wall to its designated position. At this stage, the 
wall effectively blocks lateral floodwaters and provides sufficient resis
tance to the hydrostatic pressure. Fig. 1(b) illustrates the functional 
concept of the floodwall during a flood event, demonstrating its capa
bility to control flooding effectively.

The operation of the system is fully automated, and activated as 
water flows into the chamber, leveraging the novel lightweight design 
achieved through UHPFRC and polystyrene foam filling the hollow 
space within the floodwall barrier. The mechanism of the proposed self- 
rising flood barrier, as well as the equations governing its buoyant 
behaviour, are rooted in the principle of buoyancy. This principle en
ables the flood barrier to rise naturally in response to increasing water 
levels.

The weight of the wall and the polystyrene foam must be in equi
librium with or less than the buoyant force exerted by the water to 
sufficiently lift the barrier and maintain its firm position while blocking 
the floodwater. As shown in Fig. 2, this buoyant force, acting primarily 
at the bottom surface of the wall, is determined based on Archimedes’ 
Principle, as given in Eq.1. 

Fb = ρwater .g. Vdiplaced (1) 

Where ρwater is the water density is typically taken as 1000kg/m3; gis the 
gravity acceleration which approximately taken as 9.81m/s2;Vdiplaced is 
volume of water displaced by the submerged portion of the barrier.

The volume of water displaced is determined according to the 
expression given in Eq. 2. 

Vdiplaced = Abase.hw (2) 

Where Abase is the area of the bottom based on the floodwall; hw is the 
water level required to lift the barrier at the firmed position.

The barrier rises as long as buoyant force Fb, equals or exceeds the 
gravitational force acting on it from the barrier. This gravitational force 
which is the weight Wof the barrier, which resists upward movement, is 
determined by the total mass and gravity according to Eq. 3. 

W = ρUHPFRC.g.VUHPFRC + ρEPS.g.VEPS (3) 

Where ρUHPFRC is the density of the UHPFRC that is typically taken as 
2800kg/m3; gis the gravity acceleration; VUHPFRC is the volume of 
UHPFRC floodwall; ρEPS and VEPSare the density and volume of the 
expanded polystyrene foam, respectively.

According to Eq.1 and Eq. 3, for the barrier to start rising, the net 
force on the barrier Fnetmust be positive (upward) which can be deter
mined based on Eq. 4. 

Fnet = Fb − W (4) 

When Fnet > 0, the barrier wall begins to move up. The barrier stabilizes 
at an equilibrium point where the buoyant force equals the gravitational 
force (Fb − W = 0), showing that the floodwall has risen to a level where 

Fig. 2. Mathematical model of self-rising flood system function mechanism.
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the volume of displaced water provides just sufficient buoyant force to 
resist the weight.

To determine the required water level to sufficiently raise the barrier 
wall and provide the necessary displaced volumeVdiplaced (Eq.2), the 
water levelhwis defined based on the equilibrium condition, where the 
buoyant force equals the gravitational force, as expressed in Eq. 5. 

hw =
W

ρwater. g. Abase
(5) 

Once, the buoyant force has raised the barrier wall to the required 
position and kept it firm, the flood barrier wall will act as a lateral flood 
block and control the flood water. The hydrostatic pressure acting 
laterally on the barrier wall is given by Eq. 6. 

Pwater = ρwater.g.hf (6) 

Where Pwater is the flood water hydrostatic pressure; hf is the height of 
the floodwall.

The total lateral force acting on the wall can be defined as the inte
gral of this pressure over the lateral area of the wall in contact with the 
water, as given in Eq.7. 

F =

∫ hf

0
Pwater

(
hf
)
dA =

∫ hf

0

(
ρwater.g.hf

)
dA (7) 

Where dA is the differentiation contact area of the barrier with flood 
water.

By balancing these forces and ensuring the barrier’s weight aligns 
with the buoyancy design, the self-rising mechanism effectively provides 
lateral, reliable flood protection. Fig. 3(a-c) illustrates the dimensions’ 
optimization of the floodwall based on the intersection of the wall 
weight and buoyancy forces for wall thickness, wall width, and water 
level. As shown in Fig. 3(a), as the wall thickness increases, the weight of 
the wall increases linearly, while the buoyancy force remains constant. 
The intersection point (31.07 mm) represents the optimal wall thick
ness, where the buoyancy force equals the wall weight. Beyond this 
point, the weight of the wall becomes higher than the buoyant force, 
which prevents the buoyancy force from lifting the wall. Therefore, 
while a thickness below 31.07 mm is feasible for this configuration, a 
thickness of 30 mm is adopted in this study to ensure both durability and 
strength.

On the other hand, as shown in Fig. 3(b), increasing the wall width 
leads to a linear increase in both the weight and buoyancy force. The 
optimal width occurs at 575 mm, where the wall weight intersects the 
buoyancy force. Based on this, the bottom width was taken as 570 mm in 
this study to ensure enough contact area for the buoyancy force.

Referring to Fig. 3(c), maintaining a constant wall weight while 
varying the displaced water level demonstrates that the required water 
level is 531.3 mm, where the buoyancy force equals the weight of the 

Fig. 3. Floodwall dimension determination and optimization.
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wall. Therefore, based on Fig. 2 and Fig. 3(c), the wall height was 
designed to be 1210 mm to obtain optimal performance, ensuring suf
ficient buoyancy to lift the wall and resistance against flooding during 
the second stage. To minimize the weight of the wall while maintaining 
durability, and strength, and achieving sufficient buoyancy to lift the 
wall, the wall was narrowed by 100 mm on both sides above a height of 
615 mm to provide an optimized configuration of the wall shown in 
Fig. 5.

3. Experimental program

3.1. Materials preparation

This section presents the materials used in the experimental con
struction of the flood barrier, which was composed of ultra-high- 
performance fibre-reinforced concrete (UHPFRC) and crushable 
expanded polystyrene (EPS) foam. The UHPC premix manufactured by 
DURA Technology Sdn Bhd (Malaysia), consisting of ordinary Portland 
cement, silica fume, and silica sands, was used to cast the floodwall. The 
mix also incorporated 1.5 % steel fibres, along with the appropriate 
amounts of water and a superplasticizer. Table 1 provides the mixture 
proportions of UHPC with a steel fibre content of 1.5 % used in this 
study, while Table 2 gives the properties of the steel fibres. Preparing 
fresh UHPC was carried out using a 30-L capacity planetary mixer. 
During this process, all the constituents were precisely measured and 
weighed. The premix was amalgamated for two minutes, followed by the 
addition of 90 % water and 100 % admixture, and mixed for five mi
nutes until the premix agglomeration became apparent. Subsequently, 
the remaining 10 % water was added and mixed for three minutes. 
Finally, 1.5 % steel fibers (by volume) were gradually added and mixed 
for five minutes.

Nine concrete cube samples, each measuring 150 mm × 150 mm 
× 150 mm, were cast and cured in a curing tank for 7, 14, and 28 days 
before undergoing compressive strength tests. The ultimate compressive 
strength of three UHPFRC cube specimens measured at 7, 14, and 28 

days is presented in Table 3. The average compressive strength at 7 days 
was 68.33 MPa, which increased by 21 % (82.567 MPa) at 14 days, and 
by the 28th day, the strength increased by 10 %, reaching an average 
ultimate strength of 91.07 MPa. The compressive strength obtained at 
28 days does fall below the commonly accepted threshold for UHPC 
classification (typically ≥ 150 MPa as per AFGC and FHWA guidelines 
[21,22]). The mix design used was based on DURA Technology’s UHPC 
premix; however, it is acknowledged that the achieved strength reflects 
high performance concrete (HPC) rather than ultra high-performance 
concrete (UHPC). This discrepancy may be attributed to field casting 
conditions, mixing limitations, or curing inconsistencies.

Fig. 4 graphically demonstrates the ultimate compressive strength of 
UHPFRC, along with the average ultimate compressive strength devel
oped over the curing period.

On the other hand, expanded polystyrene (EPS) foam was selected 
for its lightweight and energy-absorbing properties during wall function. 
The foam used in this study had a density of 12.7 kg/m³ and a Young’s 
modulus of approximately 2.2 MPa, as reported by [23] making it 
suitable for filling the hollow spaces within the flood barrier. It was 
prepared by cutting the foam into precise dimensions to ensure a precise 
fit within the wall cavity.

3.2. Specimen preparation

The flood barrier was pre-dimensioned based on Archimedes’ prin
ciple of buoyancy. The resulting dimensions were a total height of 
1215 mm, a width of 570 mm, and a length of 1000 mm. The specimen 
consisted of a hollow section with a 30 mm-thick UHPFRC layer, filled 
with EPS. The general details of the specimen prepared in this study are 
shown in Fig. 5.

The external framework of the specimen was constructed using 
plywood, as shown in Fig. 6(a). The EPS panels were cut to the specified 
dimensions and glued and secured into the formwork (Fig. 6(b)). 
Moreover, to ensure the EPS remained level during the casting process, 
boards were attached over the core to prevent slipping or floating due to 
fresh concrete being poured on top (Fig. 6(c-d)). The concrete was 
carefully poured into the formwork, filling the voids between the 
external wood framework and the EPS foam, as shown in Fig. 6(e). 
During this process, the concrete was directed into all corners and gaps 
to ensure uniform distribution and prevent void formation. The spec
imen was then covered with a plastic sheet and stored at room tem
perature for 24 h. Subsequently, the wooden framework was removed 
from the mould, and the specimen was cured under standard curing 
conditions for 28 days, as shown in Fig. 6(f).

Table 1 
Mixture proportions of DURA® – UHPFRC.

Component Cement 
(kg/ 
m3)

Silica 
fume 
(kg/ 
m3)

Sand 
(kg/ 
m3)

Water 
(kg/ 
m3)

Superplasticizer 
(kg/m3)

Steel 
fibre 
(kg/ 
m3)

Proportion 850 200 1030 170.9 28 118

Table 2 
Mechanical properties of steel fibres.

Density 
(kg/m3)

Fiber 
type

Diameter 
(mm)

Length 
(mm)

Aspect 
ratio

Tensile 
strength 
(MPa)

7867 Straight 0.2 20 100 2500

Table 3 
Ultimate concrete compressive strength of UHPFRC.

Cube specimens Days Ultimate compressive 
strength (MPa)

Average Ultimate compressive 
strength (MPa)

1 7 66 68.33
2 67
3 72
4 14 80 82.567
5 82
6 85.7
7 28 90 91.07
8 90.5
9 92.7

Fig. 4. Compressive strength development of UHPFRC.
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3.3. Experimental set-up

Two setups were implemented in this study: the first for the buoy
ancy test and the second for the lateral quasi-static test.

3.3.1. Buoyancy test-setup
To facilitate the buoyancy assessment prior to the lateral quasi-static 

testing of the floodwall developed in this study, a custom water chamber 
was constructed from 10 mm thick acrylic sheets to ensure efficient 

function and cost-effectiveness, with a height of 1.1 m (Fig. 7(a)). To 
minimize the bending deformation of the acrylic panels, a steel frame 
was designed on the outside (Fig. 7(b)). The edges of the box were sealed 
internally with silicone. Moreover, a fitting valve with a diameter of 
25 mm was installed on both sides, ensuring the water to be sealed and 
allowing the box to empty in short time (Fig. 7(c)).

The floodwall specimen was carefully positioned within the steel- 
framed acrylic box using a crane to ensure precise placement. Water 
was introduced into the acrylic box through a fitting valve, gradually 

Fig. 5. Geometrical details and configuration of the UHPFRC sandwich floodwall.

Fig. 6. Floodwall specimen preparation.
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increasing the water level to elevate the floodwall within the box. The 
buoyancy test setup details are illustrated in Fig. 8(a–c).

3.3.2. Lateral quasi-static test setup
To test the specimen under a quasi-static lateral load. The bottom of 

the specimen was firmly fixed to the rigid floor using two steel angles 

Fig. 7. Preparation of the chamber water box.

Fig. 8. Buoyancy test set-up.

Fig. 9. (a) 3D schematic diagram of the setup; (b) Experimental setup in the laboratory.
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bolted to the ground. These two steel angles were securely fastened 
horizontally using two bolted bars. Furthermore, two steel angles were 
placed 615 mm above the bottom of the wall and fastened horizontally 
with two long bars connected to the loading frame to simulate the role of 
sealing rubber in preventing horizontal movement (Fig. 9(b)). It is noted 
that the lateral brace in the experimental setup was positioned below the 
sealing rubber level shown in Fig. 1 due to laboratory constraints and to 
facilitate stable load application through the hydraulic jack. Although 
this variation may slightly influence the load distribution and defor
mation response, the brace effectively restrained out-of-plane displace
ment and simulated lateral resistance. The floodwall was subjected to 
lateral quasi-static loading, representing the hydrostatic pressure, using 
the displacement control method. The displacement was applied at a 
constant rate of 0.01 mm/minute and gradually increased until the 
failure of the floodwall. The lateral loading was applied using a hy
draulically actuated jack with a 1000 KN load capacity, positioned 
horizontally on a steel plate located 945 mm above the base of the wall. 
This steel angle, connected to the opposing angle through two bolts, 
served to evenly distribute the load from the hydraulic jack across the 

top of the floodwall. Fig. 9(a) shows the 3D schematic diagram of the 
setup, while Fig. 9(b) illustrates the experimental setup in the 
laboratory.

As shown in Fig. 10, several linear variable differential transformers 
(LVDTs) and strain gauges were installed at specific locations on the test 
specimen to continuously measure deflection and strain.

3.4. Experimental results and discussion

As previously mentioned, the specimen was subjected to both 
buoyancy testing and lateral quasi-static loading. This section provides a 
detailed discussion of the results of these two tests.

3.4.1. Self-rising functionality results
Fig. 11 illustrates the results of the self-rising functionality (buoy

ancy test) results conducted on the proposed floodwall, where the water 
displaced the flood barrier nearly 200 mm in height, generating suffi
cient buoyant force to counteract the weight of the wall. This outcome 
confirms that the design effectively meets the intended performance 
criteria under the limited conditions of the test setup.

3.4.2. Lateral quasi-static load test results

3.4.2.1. Failure modes. The failure mode of the UHPFRC flood barrier 
subjected to lateral quasi-static load is shown in Fig. 12. The specimen 
remained uncracked until the load reached 6 kN, with a corresponding 
displacement of 1.7 mm, at which point the first hairline crack was 
observed at the top far-left corner of the loaded face, extending 50 mm 
in length (Fig. 12(a)).

At 12.7 kN, another hairline crack emerged 200 mm from the left 
side of the loaded face and propagated diagonally, reaching a length of 
100 mm. As the load increased to 20 kN, a flexural crack developed at 
the joint transition zone and extended further, eventually reaching a 
length of approximately 250 mm at the failure load (Fig. 12(a)). On the 
other hand, a combination of diagonal and horizontal cracks developed 
and propagated within the weak transition zone between the widened 
and narrowly spaced regions on the opposite face of the wall, as shown 
in Fig. 12(b). Overall, the cracking pattern indicates that the failure 
mode of the specimen was characterized by flexural failure.

Fig. 10. Installation of LVDTs and strain sensors.

Fig. 11. Rising of the proposed floodwall under the normal water pressure.
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Fig. 12. Specimen failure model under lateral quasi-static load.

Fig. 13. Lateral load-displacement response of the specimen.

Fig. 14. Strain response of the UHPFRC floodwall subjected to lateral quasi- 
static load.
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3.4.2.2. Load-deflection response. Fig. 13 illustrates the load- 
displacement response of the floodwall subjected to a quasi-static 
load. The specimen exhibited an almost linear behaviour up to 5 kN, 
approaching the cracking load of 6 kN with a corresponding displace
ment of 1.7 mm. Beyond this point, the specimen exhibited nonlinear 
behaviour, continuing until it reached the yield load Py of 21.07 kN with 
a corresponding displacement of 10.16 mm. During this stage, the for
mation of micro-cracks was observed on the loaded face of the floodwall. 
After the yield load, the ultimate strength of the specimen, Pu, was 
attained at 23.36 kN (1.12 Py) with a corresponding displacement of 
13.36 mm. Subsequently, the strength of the specimen decreased, 
reaching 20.48 kN at a displacement of 16.88 mm. At this stage, the 
fibres within the concrete contributed to bridging and hardening, 
allowing the load to increase to 22.11 kN with a displacement of 
20.07 mm. Additionally, the EPS is expected to have provided a minor 
contribution to the post-cracking load-bearing capacity by enhancing 
internal confinement and structural integrity. As the contributions from 
both the fibres and EPS diminished, a progressive reduction in strength 
was observed.

3.4.2.3. Strain response. Fig. 14 shows the strain of the UHPFRC 
floodwall subjected to quasi-static load. The strain readings were taken 
from S1, S2, and S7, located on the opposite face, while S8 was taken 
from the strain gauge located on the loaded face. The ultimate strains in 
the opposite face were69.5 × 10− 6, 53.3 × 10− 6 and 60 × 10− 6 for S1, 
S2, and S7, respectively. On the other hand, the floodwall on the loaded 
face was subjected to higher strain, as obtained in S8, where the ultimate 
strain 119.05 × 10− 6 is almost twice that obtained on the opposite face 
of the floodwall. This is attributed to the location of S8 at the inflection 
point, where the strain concentration was highest. Overall, the strain 
readings were extremely small on both the loaded face and the opposite 
face. This can be attributed to the relatively low crack elongation ca
pacity of the concrete. In contrast to actual UHPC which typically ex
hibits a crack elongation of approximately 0.2 per mille, the material 
analysed in this study behaved more similarly to conventional high- 
strength concrete, with an estimated crack elongation of around 0.1 
per mille. Consequently, the wall showed limited post-cracking defor
mation capacity and maintained stiff under lateral loading.

4. Non-linear finite element modelling

To evaluate the performance of the floodwall barrier under lateral 
quasi-static loading, three-dimensional FE models were developed to 
simulate the floodwall’s behaviour under such conditions.

4.1. Concrete damaged plasticity (CDP) model

The CDP model available in FE software Abaqus [24] is used to 
model the behaviour of the UHPFRC material. This model is first 
developed by Lubliner et al.[25] and later modified by Lee and Fenves 
[26] to account for the response of concrete under cyclic and dynamic 
loading conditions. Eq. 8 and Eq. 9 present the yielding criteria and the 
model parameters, respectively. 

F =
1

1 − α
(
q − 3αp+ β

(
ε̃pl)〈σ̂max〉 − γ〈 − σ̂max〉

)
− σc

(
ε̃pl)

≤ 0

(8) 

β
(
ε̃pl)

=
σc
(
ε̃pl)

σt (̃εpl
)

.(1 − α).(1+α);α =
(σb0/σc0 − 1)

2 (σb0/σc0 − 1)
; γ

=
3 (1 − Kc)

2 Kc − 1
(9) 

Where α and γ are dimensionless material constants controlled by the 
parameters σb0/σc0 and Kc defined below, p is the hydrostatic pressure 
based on effective stresses, q is the effective von Mises equivalent stress, 

σ̂max is the effective major principal stress, and σc is the effective cohe
sive stress in compression, function of the accumulated equivalent 
plastic strain ̃εpl, which will be defined later.

Non-associated potential plastic flow is used in the concrete 
damaged plasticity model. The Drucker-Prager hyperbolic function is 
used as flow potential G (Eq.10). 

G =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(ξ.σto.tanψ)2
+ q2

√

− p.tanψ (10) 

Where: ψ is the dilation angle measured in the p–q plane at high 
confining pressure; σto is the uniaxial tensile stress at failure; ξ is the 
eccentricity parameter.

In addition to the yield and flow potential functions, the material is 
characterized by stress-strain curves and damage definition in tension 
and compression, implemented in the model according to Eq. 11 and Eq. 
13. 

σc = (1 − d)σ = (1 − d).Del
0 :

(
ε − εpl) = Del : (ε − εpl) (11) 

Del = (1 − d)Del
0 (12) 

ε = εel + εpl (13) 

where Del
0 represents the initial, undamaged stiffness of the material, Del 

indicates the degraded elastic stiffness and εel and εpl stand for the elastic 
and inelastic parts of the strain ε.

The tensile (σt) and compressive strength (σc) are related to the 
damage parameters in tension, dt and compression, dc as follows: 

σt =
σt

1 − dt
= E0.

(
εt − εpl

t
)

(14) 

σc =
σc

1 − dc
= E0.

(
εc − εpl

c
)

(15) 

where the subscripts t and c represent the values for tension and 
compression, respectively, and E0 indicates the elastic Young modulus.

Table 4 presents the plasticity input parameters utilized for the CDP 
model based on [27]. According to Qasem et al. [28], the dilation angle 
and viscosity parameter exhibit an interdependent relationship with 
each other and the mesh size. This study underscores the importance of 
systematically addressing these interactions to enhance the accuracy 
and reliability of numerical simulations in finite element modelling.

4.1.1. Compression and tension of UHPFRC
The uniaxial compressive stress-strain relationship of the UHPFRC 

used in this study was based on the constitutive equations proposed by 
Krahl et al. [27] as expressed in Eq. 16 and Eq. 19. 

σc = σ0

⎡

⎢
⎢
⎢
⎣

k1β ε
ε0

k1β − 1 +

(
ε

ε0

)k2β

⎤

⎥
⎥
⎥
⎦

(16) 

β =
1

1 − σ0
ε0Ec0

(17) 

k1 = 0.42539 − 0.004942β − 0.2071Wc +0.00186β2 +0.16163W2
c

(18) 

Table 4 
Plasticity input parameters for CDP.

Parameter Dilatation 
angle

Eccentricity σb0/σc0 Kc Viscosity 
parameter

Value 38 0.1 1.07 0.6667 0.0001 [28]
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Fig. 15. Compressive constitutive model comparison with previous test data.

Fig. 16. Tension constitutive model comparison with previous test data.
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k2 = 1.19603 − 0.09059β − 0.82313Wc +0.00329β2 +0.37862W2
c

(19) 

Where σ0, ε0, Ec0 are the peak stress, peak strain and initial modulus of 
elasticity, respectively. k1 and k2 are experimental-based parameters 
relative to the post-peak range of experimental results. k1 and k2 were 
calibrated for the parameters β and the total energy Wc that is equal to 
the mean area of the experimental stress-strain curves.

The uniaxial constitutive model proposed by Krahl et al. [27] for the 
UHPFRC compression response is shown in Fig. 15(a), along with the 
damage degradation model. The capability of this model was compared 
with experimental data from several studies [27,29,30] for 1 % and 

1.5 % steel fibre ratios, demonstrating its ability to closely replicate the 
experimental compressive stress-strain behaviour, as shown in Fig. 15
(b-d). The proposed model effectively captures the stress-strain response 
of UHPFRC across different datasets. The damage variable in Fig. 15(a) 
increases with strain, indicating progressive material stiffness 
degradation.

The tensile constitutive model, characterized by nonlinear hardening 
and softening as proposed by Krahl et al. [27] (Eq. 20), was adopted in 
this study due to its demonstrated ability to capture the experimental 
stress-strain behaviour of UHPFRC. Fig. 16(a) illustrates this constitutive 
model along with the associated tensile damage degradation. 

σt(ε) =
Wt

Ip
̅̅̅̅̅̅̅̅
π/2

√ e
− 2(ε− εp)

2

I2p + σrt (11́ ) 

Where Wt is the total energy measured under the tensile stress-strain 
curve; Ip is the inflection point of the curve at the descending branch; 
εp is the peak tensile strain, σrt is the residual tensile strain.

Fig. 16 (b-d) shows the comparison of the constitutive tensile model 
with experimental data from [27,31]. Fig. 16 (a) illustrates the 
normalized tensile stress-strain response along with the tensile damage 
evolution (dt). The model captures the initial elastic behavior, 
strain-hardening, and strain-softening phases. The damage variable (dt) 
increases with strain, representing the progressive degradation of ma
terial stiffness. The comparison shows the ability of the tensile consti
tutive model to predict the tensile stress-strain of UHPFRC accurately.

4.1.2. EPS modelling
The crushable foam mode in FE software was used to model the EPS 

response. This material model required the input of five parameters: 
density of material, modulus of elasticity, Poisson’s ratio, and stress- 
strain hardening, as given in Table 5. This model was compared with 
experimental data from [23].

A Comparison between the experimental and simulation results 
shows the capability of the model to reproduce the stress-strain curve 
with excellent match, as shown in Fig. 17. Therefore, the calibrated 
material parameters and model used are capable of accurately predict
ing the response of EPS crushable foams.

4.2. Interaction Interface

To simulate the interaction between the UHPFRC floodwall and the 
EPS foam core, a surface-based interaction algorithm was employed. In 
this model, the tangential behaviour was defined using a penalty friction 

Table 5 
Properties of the EPS foam.

Density 
(kg/m3)

Young’s 
Modulus 
(MPa)

Poisson’s 
ratio

Compression yield 
stress ratio

Plastic 
passion 
ration

12.75 2.2 0 1 0.1

Fig. 17. Experimental and predicted response of EPS using Crushable 
foam model.

Fig. 18. Mesh of the FE model.
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formulation with a coefficient of 0.2. This approach is consistent with 
previous studies [32–34], where the interface between concrete and 
foam is typically characterized by a weak bond and is effectively rep
resented using low-coefficient frictional contact.

4.3. Mesh and element type

The 8-node 3D solid element with reduced integration (C3D8R) was 
used to model the UHPFRC and EPS parts. Fig. 18 (a) and (b) shows the 
mesh details for UHPFRC floodwall and infilled EPS, respectively.

4.4. Load and boundary conditions

The FE model was developed to replicate the behaviour of the 

sandwich floodwall under the quasi-static lateral load and boundary 
conditions implemented during the actual test. Fig. 19 illustrates the FE 
model’s load and boundary conditions. The boundary and load condi
tions were applied to the FE model in the same way they were imple
mented during the experimental test, as shown in Fig. 9. The bottom of 
the wall was restrained against translations in all directions. At 100 mm 
height and 600 mm height, the translation in the x-direction, repre
senting the wall setup during a flooding event, was restrained (Fig. 2). 
An equivalent hydrostatic pressure was applied at a height of 945 mm 
from the wall base via a reference point connected to the loading surface 
through coupling constraints (Fig. 19), ensuring uniform load transfer 
over the surface without inducing stress localization.

5. FE results verification

The FE results obtained were compared with the experimental results 
for the floodwall specimen based on the load–displacement response 
and cracking pattern.

5.1. Load versus displacement response

The lateral load–displacement responses from FE analyses using 
mesh sizes of 40 mm, 50 mm, 60 mm, and 75 mm were compared with 
experimental data (Fig. 20(a)). Meshes of 40 mm and 50 mm closely 
matched the experimental curve, while coarser meshes (60 mm and 

Fig. 19. Load and boundary conditions on FE model.

Fig. 20. Load-displacement response.

Table 6 
FE and experimental comparison of lateral yield and ultimate load-displacement 
parameters.

Parameter Experimental 
test

FE 
model

Variation 
(%)

Lateral yield load (kN) 21.07 20.15 4.4
Lateral yield displacement (mm) 10.16 9.18 9.6
Lateral ultimate load (kN) 23.36 23.41 0.21
Lateral ultimate displacement 

(mm)
13.36 14.28 7
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75 mm) overestimated the peak load and post-peak behaviour, sup
porting the selection of the 50 mm mesh size.

Further examining the mesh, the FE model with a 50 mm mesh size 
was identified as the appropriate size to achieve accuracy while main
taining computational efficiency. Examining the curve, the FE model 
results exhibited good agreement with the experimental results. The FE 
curve agreed well with the experimental results in the plastic region; 
however, it showed slightly stiffer behaviour than the experimental 
curve in the elastic region. This slight difference could be due to the 
impact of the assumed variables and conditions in the material defini
tion during the modelling process.

The lateral yield load and corresponding displacement listed in 
Table 6 were determined using the equivalent elasto-plastic yield 
concept [35]. This method idealizes the nonlinear structural response by 
replacing it with a bilinear elastic-perfectly plastic model, where the 
yield point marks the transition from elastic to plastic behaviour.

Referring to Fig. 20 (b), the calculated lateral yield load was 
20.15 kN, which is only 4.4 % lower than the lateral test yield load 
(21.07 kN). The lateral yield displacement predicted by the FE model 
was 9.18 mm, which was 9.6 % lower than the lateral test yield 
displacement (10.16 mm). The ultimate load and corresponding 
displacement predicted by the FE model were 23.41 kN and 14.28 mm, 
respectively, which closely matched the experimental ultimate load and 
displacement of 23.36 kN and 13.36 mm, respectively. The comparison 
of the lateral ultimate load and corresponding displacement indicates 
that the test data differed from the FE results by 0.21 % for the lateral 
ultimate load and 7 % for the lateral ultimate displacement The com
parison of the FE results with the experimental results for the lateral 
yield and ultimate loads, along with their corresponding displacements, 
is summarized in Table 6. Overall, based on this comparison, it can be 
concluded that the FE model was able to replicate the response of the 
floodwall subjected to lateral quasi-static load.

5.2. Cracking pattern

The FE-predicted crack distribution was compared with the experi
mentally observed cracking, as illustrated in Fig. 21. It can be observed 
that the crack propagation along the transition zone of the floodwall in 
the experimental test was accurately replicated by the FE model. This 
close alignment of the damage zones predicted by the FE model with the 
experimental findings indicated the accuracy of the numerical simula
tion in capturing the failure mechanisms of the floodwall.

6. Parametric study

While the design configuration in Section 2 was developed based on 
Archimedes’ buoyancy principle to ensure the floodwall remains self- 
floating under service conditions. However, while flotation imposes a 
limit on the allowable dead weight, it does not ensure adequate struc
tural performance of the flooding wall under lateral hydrostatic pres
sure. Therefore, this section conducts parametric studies to evaluate 
how changes in key parameters, such as concrete strengths and wall 
thickness, affect the wall’s lateral structural performance.

6.1. UHPFRC strength effect

The floodwall response was predicted by the FE model with different 
concrete strengths (94 MPa, 120 MPa, 150 MPa, 180 MPa, and 
200 MPa) and compared with experimental data, as shown in Fig. 22. As 
validated in Section 5.1, the FE model reliably replicates the floodwall 
lateral behaviour.

With increasing concrete strength, the ultimate lateral load capacity 
improves. The FE model with 120 MPa strength (FE-C120) exhibits an 

Fig. 21. FE and experimental crack distribution comparison.

Fig. 22. Impact of UHPFRC strength on the floodwall lateral performance.
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increase in lateral load beyond the peak capacity of FE-C94, showing an 
enhancement in performance. With 150 MPa strength (FE-C150), the 
ultimate lateral load reaches 25.3 kN, representing an 8.3 % improve
ment over FE-C94. Similarly, for 180 MPa (FE-C180) and 200 MPa (FE- 
C200), the ultimate capacities further increase to 28.7 kN and 31.3 kN, 
respectively, corresponding to 23 % and 34 % improvements compared 
to the 94 MPa case.

However, for 200 MPa concrete strength, the post-peak response 
shows a gradual load decrease, indicating ductile failure behaviour. This 
suggests that while higher concrete strength improves load-bearing ca
pacity, it does not compromise ductility, and the structure remains 
capable of sustaining loads beyond the peak without sudden failure.

The effect of UHPFRC strength on the lateral performance of the 
floodwall was further examined, as shown in Fig. 23. The relationship 
between UHPFRC strength and lateral load capacity appears to be fairly 
linear, as indicated by the high R2 value (0.90409) and Pearson’s cor
relation coefficient (0.95084), suggesting a strong correlation.

Overall, increasing UHPFRC strength consistently enhances the 
floodwall’s lateral load capacity while maintaining ductile behaviour, 

demonstrating a strong and nearly linear correlation between concrete 
strength and structural performance.

6.2. Wall thickness effect

The effect of floodwall thickness on its lateral load performance was 
analysed using an FE model with thicknesses of 20 mm, 30 mm, 40 mm, 
and 50 mm. The lateral load–lateral displacement responses of both the 
experimental and FE models are shown in Fig. 24. The floodwall with a 
thickness of 20 mm exhibited the lowest lateral capacity of 17.81 kN, 
which was 24 % lower than the experimental test result for the 30 mm 
wall. Furthermore, the FE-20THK model showed no significant capacity 
increase beyond 16.37 kN, corresponding to a displacement of 
13.94 mm. Increasing the thickness to 40 mm significantly enhanced the 
lateral performance, demonstrating improved elastic and inelastic 
behaviour compared to the 30 mm model. The lateral capacity of the FE- 
40THK model (40.58 kN) was 73 % higher than that of the FE-30THK 
model (23.36 kN). A further increase in thickness to 50 mm led to a 
substantial improvement in lateral response, with the FE-50THK model 
reaching a capacity of 57.62 kN—146 % higher than FE-30THK and 
42 % higher than FE-40THK. This highlights that a 10 mm increment in 
UHPFRC wall thickness has a significant impact on performance, 
demonstrating the material’s high strength even with minimal geo
metric changes.

Again, the relationship between the wall thickness and the lateral 
load capacity was also examined as shown in Fig. 25. The figure illus
trates a consistent increase in lateral load capacity with floodwall 
thickness, demonstrating a strong linear relationship (R2 = 0.959). The 
high Pearson’s correlation coefficient (0.9794) further confirms this 
trend, indicating minimal deviation across the data points. The trend 
confirms that increasing floodwall thickness significantly enhances 
lateral load resistance, supporting the material’s high strength-to- 
thickness efficiency.

7. Conclusion

This study presents a novel self-rising floodwall system (SRFS) 
designed to provide efficient flood protection through a buoyancy- 
driven activation mechanism. The developed system consists of a thin 
ultra-high-performance fibre-reinforced concrete (UHPFRC) shell 
(30 mm) enclosing a hollow core filled with expanded polystyrene (EPS) 
foam, ensuring structural integrity while minimizing weight. This opti
mized design configuration ensures a balance between strength, 

Fig. 23. Correlation between concrete strength and lateral load capacity with 
linear fit.

Fig. 24. Impact of wall thickness on the floodwall lateral performance.

Fig. 25. Correlation between floodwall thickness and lateral load capacity with 
linear fit.
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durability, and buoyancy, making the SRFS a viable solution for auto
matic flood mitigation.

The buoyancy test results confirm that the developed floodwall 
design achieves the intended self-rising functionality by generating 
adequate uplift force to lift its weight. Despite the constraints of the test 
setup, the displaced level of 200 mm for the wall demonstrates this 
developed system’s ability to work as intended, confirming the effec
tiveness of its buoyancy-driven activation mechanism in this SRFS.

The experimental investigation demonstrated that the SRFS operates 
effectively without external power, floating in response to rising water 
levels and providing significant resistance to hydrostatic pressure. The 
lateral quasi-static load test confirmed the floodwall’s excellent perfor
mance to resist the flooding water, with a maximum load capacity of 
23.36 kN which is double the design strength of the flood resistance.

The validated FE models closely matched the experimental data, 
confirming their accuracy in simulating the SRFS response.

The parametric analyses revealed that increasing UHPFRC strength 
enhances the floodwall’s lateral resistance. Specifically, increasing the 
concrete strength from 94 MPa to 150 MPa, 180 MPa, and 200 MPa 
improved the ultimate lateral load capacity by 8.3 %, 23 %, and 34 %, 
respectively. Additionally, increasing the wall thickness from 30 mm to 
40 mm and 50 mm significantly improved lateral hydrostatic resistance 
by 73 % and 146 %, respectively. These findings show a linear corre
lation between concrete strength, wall thickness, and lateral load 
capacity.

Overall, the findings highlight the SRFS’s potential as an effective, 
self-activating flood protection system, offering enhanced structural 
resilience, minimal maintenance requirements, and suitability for 
diverse flood mitigation applications.
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