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ARTICLE INFO ABSTRACT
Keywords: Building structures in areas subjected to extreme conditions, such as river floods, is highly
Pore water pressure dependent on the ability of the raft foundation to resist significant changes in pore water pressure

Raft foundation
Flood mitigation measures
River floods

(PWP). Such changes, caused by rising water tables and soil saturation, can compromise struc-
tural integrity by inducing displacements and failures at the raft foundation. In this context,
numerical models are an ideal tool for analyzing and predicting the PWP response that acts
beneath the raft foundation during a river flood event. This work explores how numerical models
can simulate flooding scenarios and assess the effectiveness of different mitigation measures to
reduce PWP mobilization beneath the raft foundation, offering engineers valuable risk reduction
strategies and efficient solutions. To do that, numerical models based on the Finite Difference
Method are developed, incorporating real river floods associated with various river regimes, such
as nivo-pluvial, nival, pluvio-nival, and mixed. Furthermore, this research analyzes the response
of different mitigation measures, including levees/floodwalls, waterproof diaphragm walls, and
drains, to reduce the PWP mobilization beneath the raft foundation. Results demonstrate that the
numerical models developed herein effectively simulate the temporal variation of PWP beneath a
raft foundation during real river floods. Also, results suggest that either combining mitigation
measures, such as levees/floodwalls with waterproof diaphragm walls, or using drains can
significantly reduce the PWP mobilized beneath the raft foundation for all the river regimes
considered. Additionally, the findings of this research suggest that levees/floodwalls are partic-
ularly more effective in mitigating PWP mobilization during short-duration flooding compared to
longer-duration events.

Numerical models

1. Introduction

River floods represent one of the most destructive natural risks to urban infrastructure, affecting both structural stability and the
safety of buildings [1,2]. During flooding events, rising water tables and increased infiltration rates along the soil profile can generate
higher pore water pressure (PWP) beneath the raft foundation, compromising the building integrity [3-5]. This phenomenon not only

* Corresponding author. Department of Soil Morphology and Engineering, E.T.S.I. de Caminos, Canales y Puertos, Universidad Politécnica de
Madrid. ¢/ Prof. Aranguren, 3. Madrid, 28040, Spain.
E-mail addresses: ep.graterol@alumnos.upm.es (E.P. Graterol), jg.gutierrez@upm.es (J.G. Gutiérrez-Ch), luis.mediero@upm.es (L. Mediero), s.
senent@upm.es (S. Senent).

https://doi.org/10.1016/j.ijdrr.2025.105768

Received 12 May 2025; Received in revised form 14 August 2025; Accepted 17 August 2025

Available online 19 August 2025

2212-4209/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).


mailto:ep.graterol@alumnos.upm.es
mailto:jg.gutierrez@upm.es
mailto:luis.mediero@upm.es
mailto:s.senent@upm.es
mailto:s.senent@upm.es
www.sciencedirect.com/science/journal/22124209
https://www.elsevier.com/locate/ijdrr
https://doi.org/10.1016/j.ijdrr.2025.105768
https://doi.org/10.1016/j.ijdrr.2025.105768
http://creativecommons.org/licenses/by/4.0/

E.P. Graterol et al. International Journal of Disaster Risk Reduction 129 (2025) 105768

affects existing buildings located on floodplains [6,7] and coastal areas [8,9] but also poses a risk to buildings that are still under
construction [10].

During a flood event, one of the main consequences occurs when the PWP mobilized beneath the raft foundation exceeds the
building’s self-weight, causing the structure to enter a buoyant condition [11,13]. The generated PWP not only increases the risk of
flotation in the structure, but can also cause long-term damage, such as deterioration of the raft foundation materials, the appearance
of cracks in the raft foundation or in the diaphragm walls used for basements, etc. [14]. Thus, infiltrated water can progressively
weaken the raft foundation, compromising the load-bearing capacity of the building. In extreme cases, this may lead to displacement of
the entire structure [15].

The above-described problem has been evaluated through small-scale laboratory tests by several researchers [16-20]. Such works
reported that changes in the hydrostatic regime of the soil profile can affect the PWP beneath the raft foundation; however, these
studies assume that water flow occurs under a constant hydraulic gradient; omitting the temporal variations in PWP that typically
occur during flood events. More recently, Lee and Lee [21] conducted centrifuge tests to analyze the settlement of piles and footings
under cyclical and constant variations in the water table. These tests highlighted an increase in settlement for both types of foundations
with increasing water table; nevertheless, the response of raft foundations in buildings with basement levels was not addressed.

As an alternative to experimental testing, the response of PWP has also been explored through numerical models. For instance,
Garcia et al. [22] used the Finite Element Method (FEM) to analyze the vulnerability of underground structures to flooding, focusing
specifically on underground flow. Furthermore, Alonso-Pollan et al. [23] applied FEM to study the response of PWP beneath a raft
foundation subjected to artificial variations in the water table. More recently, Graterol et al. [11,24] employed the Finite Difference
Method (FDM) to analyze the temporal variation of PWP beneath the raft foundation of a building with a basement level, considering
real river flood events associated with a set of flow regimes. However, despite the valuable contributions of these studies, none of them
analyzed the potential benefits of flood mitigation measures to reduce the overpressures mobilized beneath the raft foundation during
a real flood event.

Thus, it is essential to implement effective drainage solutions and flood protection measures to minimize the effects of rising water
tables, as well as to design foundations that take these risks into account, especially in vulnerable areas [25]. In this regard, Ni et al.
[26] used FEM simulations and laboratory tests to study the response of PWP beneath the raft foundation, considering the installation
of drains distributed both in the raft foundation and along the diaphragm wall under seepage conditions. Similarly, Chen et al. [27]
conducted FEM simulations implementing drains placed along the diaphragm wall of the building while considering a high-intensity
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Fig. 1. Set-up of the analyzed problem: (a) conceptual model; (b) numerical model.
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storm event lasting up to 48 h. Both works suggested that the incorporation of a drainage system could effectively reduce the PWP
beneath the raft foundation, though they primarily focused on short-duration flood events. Additionally, Kong et al. [28] performed a
statistical analysis of the probability of failure of raft foundation pumping systems in Beijing (China). They used real data on
groundwater table fluctuations attributable to rainfall events over a one-year period. Their results suggested that this type of measure
is effective to reduce the PWP beneath the raft foundation. In addition, its use should not be limited to periods of extreme rises in the
groundwater table but it could also be applicable during any period of groundwater table variations.

Despite the advances achieved in these previous works, there are no comprehensive studies, and a more detailed investigation into
the potential benefit of mitigation measures to reduce the PWP mobilized beneath raft foundations considering real regimes is still
needed. This article provides a contribution in that direction by analyzing, through FDM modelling, the effectiveness of different types
of mitigation measures to decrease the PWP mobilized beneath a raft foundation of a building located on a floodplain. To do that, (1)
flood mitigation measures, such as levees/floodwalls, waterproof diaphragm walls, mixed mitigations, and the installation of drains,
are simulated; and (2) real river flood events, both short- and long-term, associated with different river regimes —such as nivo-pluvial,
nival, pluvio-nival, and mixed- are used. Subsequently, the variation of pore water pressures beneath the raft foundation is analyzed
during the rainfall process, with particular attention to the maximum PWP values obtained and the effectiveness of mitigation
measures.

2. Numerical modelling

This section describes: (i) the numerical models developed to simulate the influence of river floods on PWP mobilized beneath a raft
foundation (see Section 2.1); (ii) the study cases and their corresponding data (see Section 2.2); and (iii) the mitigation measures used
to reduce the PWP mobilized beneath the raft foundation (see Section 2.3).

2.1. Set-up of the numerical model

The 2D numerical models used in this work are built in FLAC2D commercial code [29]. The aim is to analyze the evolution of the
PWP mobilized beneath the raft foundation of a building with one basement level located on a floodplain. The idealized geometry of
the problem and the corresponding numerical model are shown in Fig. 1. The ground profile comprises a clay layer at the bottom and a
sand layer at the top, with the water level initially located at the bottom of the sand layer. The geotechnical parameters used in the
numerical simulations are listed in Table 1. Such parameters were previously validated by the Authors [30] against laboratory tests
conducted by Zhang et al. [17], ensuring consistency and reliability in the present simulations. The hydraulic conductivity (kg) in

Table 1 is converted into FLAC permeability (k) and is automatically adjusted for unsaturated conditions using the cubic law E(s) =

s%(3 — 2s), where E(s) is the relative permeability, and s is the degree of saturation [29]. Since the sand layer is initially unsaturated
(s = 0), its conductivity starts below the saturated value and increases dynamically as the water table rises during the simulated river
flood. Thus, at each calculation step, corresponding to a given simulation time, the actual hydraulic conductivity is computed as k(s) =

k- E(s). Note that, the numerical model shown in Fig. 1 is representative of an “example building” located in a flooded zone and
exposed to flood events such as the one shown in Fig. 2. Taking advantage of the symmetrical building, only half of it is considered,
with a raft foundation width of L, = 20 m. The thicknesses of the sand and clay layers are hy; = 2.5 m and h, = 15 m, respectively; the
diaphragm wall length is I = 7.5 m; and the model width is L = 50 m (see Fig. 1b). Regarding the boundary conditions, the dis-
placements in both the horizontal and vertical directions at the bottom of the model are fixed (uy = u, = 0), the horizontal
displacement is restrained at the left and right boundaries (1, = 0) and the top boundary is a free boundary. Also, the horizontal
displacement of the diaphragm wall is restrained while the base that represents the raft foundation remains free (see Fig. 1b).

To simulate the influence of river floods on water tables and soil saturation, the PWP of the nodes on the right boundary and upper
face of the model (green points in Fig. 1b) are modified based on the water table change-time curve recorded during real flood events
(see Section 2.2). Throughout the simulation process, PWP changes are recorded at two points: points 1 and 2 located in the center and
near the corner of the raft foundation, respectively (see Fig. 1b). Further details of the developed numerical model are described in
Ref. [11], and for the sake of brevity, are not repeated here.

2.2. Study cases and data

The river flood events considered in the study correspond to different regions of Spain where fluvial floods can occur, and whose
effects on buildings located on floodplains can be important (like the flood shown in Fig. 2). Flood hydrographs in such events were
recorded at a set of streamflow gauging stations by the Automatic Hydrological Information System (SAIH, Sistema Automatico de
Informacion Hidrologica in Spanish) of the Ebro River Basin Authority in Spain. The gauging stations considered in the study are located

Table 1
Input geotechnical parameters used in numerical models (Graterol et al., 2024a).
Saturated density, py,, (kg/mg) Young’s modulus, E (MPa) Poisson’s ratio, v Permeability, k (m/s) Initial grade of saturation, s
Sand 2020 25 0.30 5.35 x 107° 0
Clay 2104 40 0.25 7.11 x 1078 1
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Fig. 2. Rochapea neighborhood in the flood event registered in the Arga river in Pamplona (Spain) in June 2013 (modified from Ref. [12]).

in the Spanish cities of Pamplona, Boltana, Miranda, and Zaragoza. Such events are characteristic of four different river flow regimes:
nivo-pluvial in a medium-sized catchment (500 kmz), nival in a medium catchment (700 kmz), pluvial-nival in a large catchment
(5000 km?) and mixed in a very large catchment (40000 km?) [24]. Water table change — time curves were provided by the SATH
system of the Ebro River Basin Authority for the period 2010-2022, with a time interval of 15 min. Subsequently, the most repre-
sentative event was extracted for each river flow regime. Results of these curves are shown in Fig. 3. Mathematical functions were fitted
to the water table change-time curves for each river flow regime, to facilitate input data in the FLAC model (Table 2). Note that the
curves of the nivo-pluvial, nival and mixed river flow regimes were rescaled to consider the same maximum water level of 5 m for all
floods. (For more details, see Graterol et al. [24]).

Next, using the equations provided in Table 2 —and depending on the river flow regime considered- the river flood is induced into
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Fig. 3. Water table change - time curves during river flooding for different flow river regimes; t,... represents the time in which the maximum
water level of the flood occurs, and teng represents the flood event end time (modified from Graterol et al., 2024).
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Table 2
Equations of fitted curves for each flow regime (Graterol et al., 2024a).
Flow regime Equation
Nivo-pluvial ~ hy(t) = 1.455 x 107%t% — 6.245 x 1075t° + 6.884 x 10~ *t* + 1.120 x 1073t — 3.224 x 1072t> 4 2.774 x 107t — 5.502 x 1072 Eq. (1)
ha(t) = — 1.295 x 10*t> 4+ 1.935 x 10722 — 1.006t + 1.849 x 10! Eq. (2)
Nival hi(t) = — 1.571 x 1077t 4 1.887 x 10755 — 8.406 x 10~ *t* 4+ 1.727 x 1072t> — 1.786 x 10~ 1t? 4+ 1.117t — 1.180 x 1072 Eq. (3)
ha(t) = — 1.316 x 1071°t® + 8.110 x 10785 — 2.027 x 1075t* + 2.621 x 1073t3 — 1.840 x 10~ 't2 + 6.591t — 9.163 x 10! Eq. (4)
Pluvio-nival h(t) = — 7.632x 107106 + 2.125 x 1077t° — 2.066 x 1075t* 4 7.833 x 10~*t> — 8.565 x 1073t2 + 6.354 x 1072t + 2.687 x 1072 Eq. (5)
Mixed hi(t) = — 1.459 x 107 1t® + 7.760 x 107°t> — 1.536 x 107t* + 1.377 x 10 *t> — 5.505 x 1073t + 1.042 x 101t — 2.944 x 10! Eq. (6)
ha(t) = 1.841 x 107125 — 3.392 x 107°t5 + 2.542 x 107%t* — 9.916 x 107%t> 4+ 2.123 x 1071t? — 2.364 x 10't+ 2.072 x 10° Eq. (7)
ha(t) = — 1.064 x 107763 + 2.141 x 107*t? — 1.442 x 10 't + 3.271 x 10! Eq. (8)

the numerical model as a boundary condition. To do that, the PWP of the green nodes (see Fig. 1b) on the right and upper boundaries of
the model are adjusted following the flowchart presented in Fig. 4. As indicated previously, the water table is initially located at the
bottom of the sand layer (2.5 m below the surface level). This initial position represents the reference level (h = 0) for the water level
and the water table change-time curves represent increases above this initial level. Consequently, once a 2.5 m rise is exceeded,
overflow onto the ground surface occurs, and the boundary condition at the top edge of the model is modified accordingly (see Fig. 4).

2.3. Flood mitigation measures

This section describes the flood mitigation measures implemented into the numerical model to reduce the PWP beneath the raft
foundation (Fig. 5). Note that all the measures considered are incorporated into the model without considering the geometry of the
structural element. Instead, its effect is simulated as a boundary condition by modifying the PWP as described below (and according to
the flowchart presented in Fig. 4). Therefore, the resistance of the structural element itself and the potential erosion effects driven by
the river floods during its lifespan are not considered. Next, a description of each mitigation measure is provided.

2.3.1. Levee or floodwall
Levees (also known as dikes) and floodwalls (Fig. 5a) are large-scale structural elements that are employed to protect a given are

h(t) function
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river regime (Table 2)
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Modify U of the upper
Fal
h(t) < hg == edge nodes as:
U= (h(t) = he) * Vv
True

Modify U of the right boundary
nodes depending on their position,
hi, relative to the initial water table

Node above the
initial water table

U=Ui+h(t) v,

True
U= (h(t) - h) %, if h(t) = At

U=0, otherwise

End

Fig. 4. Flowchart to induce the river flood flooding as a boundary condition (y,, = specific weight of water; Ul = initial pore water pressure at a
node i, hi = position of node i relative to the initial water table, hy = thickness of the sand layer).
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Fig. 5. Idealized representation of flood mitigation measures: (a) levee (or floodwall); (b) waterproof diaphragm wall; (¢) combination of (a) and
(b); (d) upper: drains, lower: close-up view of the drain locations and its associated sump system.
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Fig. 6. Set-up of the numerical model while considering flood mitigation measures: (a) levee or floodwall; (b) waterproof diaphragm wall; (c)
floodwall or levee + waterproof diaphragm wall; (d) drains (the green points represent nodes where U is modified during numerical simulations).
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from flooding over long periods of time [31,32]. Therefore, such measures can protect the surrounding communities and buildings
from the destructive effects of flooding [33-35]. In this research, it is assumed that the height of the levee/floodwall is higher than the
maximum water level reached in the river flood (i.e., 2.5 m above the surface level or, equivalently, 5 m above the initial water table,
see Fig. 3), so that flooding will not occur between the structural mitigation measure and the building. Thus, during the river flood
numerical simulation, the PWP is modified at the green nodes located to the right of the levee/floodwall (see Fig. 6a). Furthermore, the
effect of the levee/floodwall position on the bank of the river channel on the evolution of PWP is analyzed by varying the distance (d)
between the river channel and the structural element (see Fig. 6a). In this study, d = 0, 5, 10 and 15 m have been considered.

2.3.2. Waterproof diaphragm wall

This element is commonly employed as a protection and erosion control element in areas of interest along river channels. For this
purpose, pile walls are installed [36,37] or the river channel surface itself is waterproofed [38] (see Fig. 5b). In this work, this flood
mitigation measure is used to reduce the groundwater flow from the river to the raft foundation [39,40]. Thus, this element is placed
on the right boundary of the model, and extends in depth from the surface level to the sand-clay contact, see Fig. 5b. Its effect is
simulated by leaving unchanged the PWP of the nodes in the sand layer along the right boundary. Instead, only the U values of the
green nodes located at the clay layer and at the top boundary —if the water table rises above the surface level— are modified (see
Fig. 6b).

2.3.3. Levee or floodwall + waterproof diaphragm wall

This flood mitigation measure combines the structural elements described in Sections 2.3.1 and 2.3.2 [41,42]. It is assumed that
these structural elements are located at the right boundary of the model (i.e., d = 0 m, see Fig. 5¢). Their implementation into the
model is simulated by modifying only the PWP of nodes in the clay layer along the right boundary of the model (green nodes in Fig. 6¢).

2.3.4. Drains

Finally, Fig. 5d shows an idealized representation of the last mitigation measure considered in this work. It corresponds to drains
located at the raft foundation. Their function is to receive and conduct the water flow through a series of pipes to the sump pit.
Subsequently, as shown in Fig. 5d, the water stored in the sump pit is discharged by a pump through a pipe for its extraction outside the
building [26,27].

This mitigation measure is simulated by imposing an atmospheric pressure boundary condition (i.e. zero pore pressure) to specified
nodes at the raft foundation level. This allows water to flow outward through these nodes (see Fig. 6d) [43]. To evaluate this measure,
two scenarios are considered: the first considers drains through two nodes located 0.5 and 1 m from the diaphragm wall (zone A in
Fig. 6d), while the second scenario contemplates additional drains through two nodes located 10 and 10.5 m away from the diaphragm
wall (zone B in Fig. 6d). Note that, during the numerical simulation the water outflow at each node could be recorded.
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Fig. 7. Effect of a levee/floodwall on the pore water pressure, U, mobilized at the center of the raft foundation (point 1, see Fig. 1b). Uy, represents
the U response in the absence of a levee/floodwall, while U;_on, to U;_1sm represent the U responses with a levee/floodwall located at different
distances away from the river channel, d = {0,5,10,15} m, see Fig. 6a).
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3. Results and discussion

Next, this section presents the results obtained in the numerical models (see Section 2.1) while considering (i) real river floods
associated with a set of fluvial flow regimes (see Section 2.2) and (ii) the flood mitigation measures described in Section 2.3.
(Hereinafter, the variable U will be used to refer to PWP values.)

3.1. Pore water pressure (PWP) response with a levee/floodwall

Fig. 7 illustrates the PWP mobilized at the center of the raft foundation, U; (see Point 1, Fig. 1b), for various distances, d, between
the levee (or floodwall) and the river channel, specifically d = 0, 5, 10 and 15 m. For instance, U; _s;, corresponds to the PWP recorded
at the center of the raft foundation when the levee is placed5 m away from the river channel (i.e., the right boundary of the model).
Also, the PWP response without considering any type of flood mitigation measures —denoted as Uy, is added to Fig. 7 for comparison.

As can be seen in Fig. 7, a levee significantly decreases the PWP beneath the raft foundation during all river floods considered
herein. In particular, a notable reduction in the U values are obtained when the levee is placed next to the river channel (i.e., ford = 0
m, see Uj_on in Fig. 7a-d). This effect is consistent, although less pronounced, for levees placed at longer distances from the river
channel (i.e., d > 0 m) for nivo-pluvial, nival and pluvio-nival flow regimes (see U;_sm, U1-10m and U; _1sp, in Fig. 7a—c). However, for
the mixed flow regime (see Fig. 7d), the impact of the levee position on PWP reduction becomes less significant when the levee is
placed at distances longer than 10 m from the river channel. For instance, no change in the maximum PWP mobilized beneath the raft
foundation occurs when the levee is located at d = 15 m (see U;_1sm in Fig. 7d). This can be explained by the fact that, in contrast to the
other river flow regimes, the flood event associated with the mixed regime has a longer duration, allowing sufficient time for the
complete transmission of the PWP to the raft foundation [24]. The rise in the water level near the building (caused by flooding) and the
subsequent transmission of pore pressures from the surface play a significant role in the development of PWP beneath the raft
foundation. The use of levees prevents the rise of the water level in the area adjacent to the building and the corresponding increase in
PWP beneath the raft foundation, as long as there is not enough time for PWP transmission, as occurs in long-duration events.
Consequently, the use of levees or floodwalls is suitable for short-duration events, but their effectiveness may be reduced in longer
events depending on their position.

The trend described is clearly observed when the maximum PWP for a given levee distance from the river channel is normalized by
the maximum PWP without considering any type of flood mitigation measures (i.e., U1 max/Uiamax)- Results of this normalization is
shown in Fig. 8a. As it can be observed, a levee (or floodwall) positioned at d = 0 m decreases the PWP mobilized beneath the raft
foundation by around 80 %, when considering short-duration river floods —associated to nivo-pluvial, nival and pluvio-nival
regimes—. However, for a long-duration river flood —associated with a mixed regime— the reduction is smaller, with a decrease of
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Fig. 8. Normalized pore water pressure vs levee/floodwall position: (a) at the center of the raft foundation (Point 1); (b) near the corner of the raft
foundation (Point 2).
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65 % of the peak PWP mobilized beneath the center of raft foundation compared with the scenario without flood mitigation measures.
Furthermore, as previously indicated, the effectiveness in reducing PWP beneath the raft foundation decreases as the distances be-
tween the building and the levee (or floodwall) becomes shorter, and this type of mitigation measure is not effective for long-duration
events when it is placed not far from the building. Note that, this trend is similar for the PWP mobilized near the corner of the raft
foundation (see Fig. 8b).

Although less significant, the maximum PWP values for pluvio-nival events are slightly higher than those for nival events (with
differences increasing with d), despite the longer duration of rainfall in the second case. This may be due to the fact that the maximum
water level in the nival regime occurs earlier than in the pluvio-nival regime (t,eq pluvio—nival > tpeak,nival ), meaning that the decrease in
PWP begins before enough time has passed for a greater pressure to be transmitted to the raft foundation. This underscores the
importance of the shape of the water table change-time curve, where rapid ascents (and descents) are less dangerous than sustained
rises or those occurring after a slow increase.

3.2. Pore water pressure response with a waterproof diaphragm wall

Fig. 9 shows the PWP response beneath the center of raft foundation in three scenarios: (1) without flood mitigation measures (Uy,);
(2) considering a waterproof diaphragm wall (Uyp); and (3) combining a waterproof diaphragm wall with a levee (or floodwall) placed
next to the river channel (U;.). Results of Fig. 9 suggest that only the waterproof diaphragm wall does not contribute to a reduction in
PWP recorded beneath the raft foundation during river floods. A possible reason for this is that the barrier’s effectiveness is lost when
the water table rises above the surface level (i.e., above the top of the waterproof diaphragm wall). At this instant, water infiltrates
through the surface level, saturating the soil profile and mobilizing pore water pressures beneath the raft foundation in the same way as
if no mitigation measures are used (see Uy, and Uy, in Fig. 9).

On the other hand, Fig. 9 shows that using a waterproof diaphragm wall and a levee (or floodwall) significantly reduces the U
values beneath the center of the raft foundation (see U, and Uy, in Fig. 9). For example, it is observed that for the flood event
associated with a nivo-pluvial regime, the maximum PWP decreased from 45.6 kPa to 8.8 kPa for a time of 22.2 h. This behavior occurs
in a similar way to the other fluvial flow regimes, including the mixed type, whose duration is much longer. This trend might be due to,
during the flood event, water flow is restricted to underground flow through the clay layer, which has low permeability. Thus, lower
PWP is mobilized beneath the raft foundation.

Despite the preceding observations, a comparison between Figs. 7 and 9 reveals that the added value of the waterproof diaphragm
wall is limited. The U _¢n, curves in Fig. 7 (levee/floodwall at d = 0) are nearly identical to the U, curves in Fig. 9 (levee/floodwall at
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Fig. 9. Effect of a levee/floodwall + waterproof diaphragm wall (see Fig. 6¢) on the pore water pressures mobilized at the center of the raft
foundation (Point 1, see Fig. 1b).
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d = 0 plus waterproof diaphragm wall). However, under the mixed regime, the waterproof diaphragm wall does demonstrate a
positive effect: the maximum PWP with only the levee (U;_om in Fig. 7) exceeds that observed when both mitigation measures are
employed (U in Fig. 9). This effect appears to be related to the shape of the water table change-time curve, which shows a prolonged
initial period —between 0 and 300 h— during which the water level does not exceed 2.5 m (see Fig. 3), remaining within the depth
covered by the waterproof diaphragm wall. As a result, PWP transmission through the sand layer is inhibited. This once again un-
derscores the importance of the shape of the water table change-time curve and its relationship with the channel height. Note that, as
indicated in Section 2.2, the water depth-time curves have been scaled to reflect the same maximum water level of 5 m, so that
flooding always occurs (whether or not it is limited by the presence of the levee/floodwall). In such cases, the effectiveness of the
waterproof diaphragm wall is limited. In contrast, in scenarios without flooding, its effect could be more significant; although, in
general, such scenarios are less hazardous.

3.3. Pore water pressure response with drains

Fig. 10 shows the PWP at the center of the raft foundation while considering drains as a flood mitigation measure. In Fig. 10, Uy,
represents the response without flood mitigation measures; Uy, represents the PWP response with drains located at zone A; and Uy,
represents the PWP response with drains located at zones A and B, simultaneously (see Fig. 6d). As can be seen in Fig. 10, the drains
significantly reduce the PWP mobilized beneath the center of the raft foundation, with the effect becoming more pronounced as the
number of drains increases. Note that this trend remains consistent for all river flow regimes, regardless of the flood duration.

The impact of drains on the PWP mobilized beneath raft foundation is better illustrated by normalizing the maximum PWP with
drains to the maximum PWP without flood mitigation measures (see Fig. 11). As shown in Fig. 11a, placing drains in zone A results in a
reduction of U; me, values by around 40 % for all river flood events considered. This reduction becomes even more substantial —around
65 %-— when drains are placed in both zones A and B simultaneously. A similar, yet more pronounced, effect is observed near the corner
of the raft foundation (see Fig. 11), which is expected given the proximity of the drains (and particularly the drains at zone A) being
closer to that corner. The detail in Fig. 11a shows that the pore water pressures in the nivo-pluvial and nival regimes are slightly higher
than in the other two regimes. This may be due to the more rapid rise in water levels in these regimes, which limits the effectiveness of
the drains, as PWP dissipation requires time. Nonetheless, the variations are minor, and the differences are not significant.

Furthermore, during the simulation, the total water outflow discharged at the drain points was recorded. For instance, for the river
flood associated with a nivo-pluvial regime, the maximum mobilized outflow discharges (per unit model thickness) are around 0.45 1/
hand 0.65 I/h at the drains located at position A and positions A and B, respectively. Similar outflow discharges were obtained for the
other river flow regimes. Note that in the specific scenarios analyzed in this work, such outflow discharges can be effectively managed
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Fig. 10. Effect of using drains (see Fig. 6d) on the pore water pressure mobilized at the center of the raft foundation (Point 1, see Fig. 1b).
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Fig. 11. Normalized pore water pressure vs drain position: (a) at the center of the raft foundation (Point 1); (b) near the corner of the raft
foundation (Point 2).

by a pumping system, such as a 2-inch pipe with a pump with a total extraction rate of about 720 [/h [44]. This makes this mitigation
measure feasible for implementation. However, in other situations (particularly for very short-duration floods, different geometries, or
conditions where the foundation soils are already saturated) the drainage capacity should be carefully verified to ensure it can exceed
the rate of water level rise.

3.4. Comparative analysis of mitigation measures

Finally, Fig. 12 shows a comparison of the normalized maximum PWP mobilized beneath the center and near the corner of the raft
foundation for the different mitigation measurements. As in previous sections, the normalization is based on the ratio of the maximum
PWP value recorded during the flood event with a given mitigation measure to the maximum PWP value recorded without using such a
mitigation measure (i.e., U1 max/Uiqmax for point 1, for the center of the raft foundation). A value of Uy max,/Uramax = 1 indicates no
reduction in the mobilized PWP when the mitigation measure is used. Fig. 12 also includes the river flow regimes considered and
highlights the most effective results of each mitigation measure used (i.e., the levee/flodwall placed next to the river channel, the
combination of the waterproof barrier and the levee/floodwall, and the use of two drains).

As can be seen in Fig. 12, the greatest reduction in the PWP mobilized beneath the raft foundation occurs when a combination of a
levee (or floodwall) and a waterproof diaphragm wall is placed at the right edge of the model. This reduction is consistent across all the
fluvial flow regimes considered. For instance, the reduction is 81.5 % and 82.5 % (U1 max,/U1amax = 0.185 and 0.175) of the maximum
PWP mobilized beneath the center of the raft foundation for the nivo-pluvial and mixed flow regimes, respectively (see Fig. 12a). The
second most effective mitigation measure involves using a levee (or floodwall) located at the right edge of the model; however, their
effectiveness decreases for long-term fluvial flow regimes, with reductions of 81 % and 67 % of the maximum PWP observed for the
nivo-pluvial and mixed flow regimes, respectively. Finally, the use of drains produces a similar trend to that observed in the com-
bination of a levee (or floodwall) and a waterproof diaphragm wall, but with lower efficiency in reducing the PWP beneath the raft
foundation —achieving reductions of around 72 % and 74 % for the nivo-pluvial and mixed flow regimes, respectively—. A similar trend
is observed near the corner of the raft foundation, with greater PWP reduction when drain mitigation measures are used (point 2, see
Fig. 12b), where the drains provide a more pronounced PWP reduction. As mentioned in Section 3.3, this may be due to the influence of
both drain locations (zones A and B) on PWP mobilization at point 2.
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Fig. 12. Comparison of mitigation measures — normalized pore water pressure vs fluvial flow regime at the center of the raft foundation: (a) center
of the raft foundation (point 1); (b) near the corner of the raft foundation (point 2).

4. Concluding remarks

Buildings located in floodplains face significant challenges, as fluctuations in the water table affect the pore water pressure (PWP)
mobilized beneath raft foundations, affecting stability and safety. The overpressures generated by rising water tables and soil satu-
ration during a flood event require accurate analysis to implement effective flood mitigation measures. In this work, novel numerical
models were developed, through the Finite Difference Method and its implementation in FLAC2D, to analyze and simulate temporal
variations in PWP beneath raft foundations under flooding conditions. The numerical models incorporated real data from river flood
events caused by different river flow regimes. The response of the PWP was assessed when using various flood mitigation measures
such as levees or floodwalls, waterproof diaphragm walls, mixed measures and drainage systems. The most significant findings are.

e Levees/floodwalls effectively prevent floodwater infiltration; however, their efficiency decreases as the distance between the
building and the mitigation structure decreases, and during long-duration flood events.

e Waterproof diaphragm walls alone are ineffective once the water table rises above the surface level, but combining them with
mixed measures (a levee/floodwall + a waterproof diaphragm walls) significantly improves PWP mitigation.

e Drain systems offer a cost-effective alternative for PWP reduction, as their discharged flows can be managed by conventional
pumping, making them a practical option compared to large structural measures (e.g., levees/floodwalls or mixed measures).
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