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ABSTRACT

A 3D physical model (3.00x0.60x0.60m) was constructed using pipe-matrix coupling concept
to investigate the effect of conduit connectivity on flow exchange between conduit network
and matrix domain resembling Karst aquifers. The conduit network was simulated by two
horizontally connected perforated pipes, allowing the connection to be either enabled or
disabled based on the specific experiment, through diverter valves. The conduit diameter was
0.50 inches, with a perforation ratio of 30%. Sandy soil was used to simulate the matrix domain.
Four experiments were conducted to examine different cases: (1) a single flowing conduit
unconnected non-flowing conduit, (2) a single flowing conduit connected to non-flowing
conduit, (3) two unconnected flowing conduits, and (4) two connected flowing conduits. The
matrix head was higher than the conduits in all experiments. Results indicated that the flow is
from matrix to conduit in all cases with higher flow exchange in cases of connected conduits
compared to the cases where the conduits are unconnected.
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1. Introduction

Karst aquifers occupy around 15% of the world’s land surface [1]-[4]. Karst aquifers have
highly productive conduits that allow rapid recharge and flow of groundwater but provide little
natural water storage. Approximately a quarter of the global population relies on water from karst
aquifers [4]. Proper management of karst aquifers is important for sustainable water. The dual nature
of groundwater flow in karst aquifers, characterized by both rapid flows dominated by conduits and
slow flow through the matrix media [5] possessing various types of porosity and permeability
[6].Conduits presence leads to a unique flow system marked by concentrated, high-velocity
groundwater flow. The flow within these conduits can exhibit either laminar or turbulent
characteristics[7].

Understanding and modeling groundwater flow in Karst aquifers present unique challenges
for hydrologists due to the heterogeneous nature of karst, traditional investigation techniques often
fail to characterize features controlling subsurface flows [8]. Rapid groundwater velocities through
conduits also pose problems for monitoring-based characterization methods [9]. These complexities
introduce uncertainties that hydrologic models struggle to reproduce, hindering management of
these vulnerable but vital groundwater stores [10].

Experimental models play a crucial role in advancing our understanding of flow exchange
dynamics within karst aquifers. These models enable scientists to simulate various hydrological
conditions of karst aquifers and study the complex interactions that occur in them. A comprehensive
laboratory and numerical investigation was conducted focusing on saline intrusion in fractured
coastal aquifers [11]. Also, a laboratory analog and numerical study was offered to explore
groundwater flow and solute transport in a karst aquifer [5]. The karst groundwater model with and
without discrete conduit flow was compared by [6]. The water exchange, mixing, and transient
storage was determined between a saturated karstic conduit and the surrounding aquifer [12].To
investigate the spatio-temporal variability of water exchange between fissures and conduits in a
karstic aquifer a laboratory and numerical simulations was conducted [13]. To get better
understanding of karst aquifers, a comprehensive review of laboratory-scale models was conducted,
providing an overview of different approaches and similitude considerations [14]. A 3D laboratory
model was constructed to study the matrix-conduit exchange and the response of the aquifer to
groundwater pumping. The results highlighted the influence of head difference, conduit size, and
hydraulic gradient on matrix-conduit exchange [1].

The effect of conduits connectivity on flow exchange is still a challenging reach topic which
has not been fully studied experimentally. The main objective of the current research is to build 3D
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physical model simulating karst aquifer to investigate the effect of conduits connectivity on flow
exchange between matrix and conduit domains.

2. Experimental Work And Procedures

2.1.Model description

A 3D physical model with dimensions 3.00%0.60x0.60m was constructed in Irrigation and
Hydraulics laboratory at Faculty of Engineering, Al-Azhar University, Egypt to simulate karst
aquifer. Fig. 1 presents a schematic of the laboratory model setup.

The model is built from acrylic Plexiglas and consists of 5 parts. The two separate left parts
are the inlet flow reservoirs to both matrix and conduit domains. The intermediate part represents
the karst aquifer, and the two separate right parts are the outlet reservoirs for matrix and conduit
domains. The inlet and the outlet reservoirs have overflow pipes to control water levels upstream
and downstream in each domain acting as a specified head boundary.

The conduit network is simulated using two parallel horizontal perforated PVC pipes which
are placed along the longitudinal direction of the model and located at 0.20 m heigh above the model
bottom. The conduits which occupy one and two-thirds of the model width are 0.50-inch in diameter
with 30% perforation ratio. Geotextile was used to cover the conduits to prevent the infiltration of
fine materials of the porous medium into the conduits. Two blinded pipes, equipped with diverter
valves, were installed between the conduits at distances of 0.80 m and 1.20 m to simulate conduit
connectivity, and the connection can be enabled or disabled depending on the experiment. The matrix
media is represented by sand. Stainless-steel mesh, sealed with a geotextile membrane, was installed
between the matrix and the matrix inlet and outlet reservoirs to prevent any movement of sand
particles. Fig. 2 shows a photograph of the laboratory model setup.
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Fig. 1. Schematic of the laboratory model setup (Dimensions are in centimeters).

ARG s Y

Fig. 1. Photograph of the laboratory model setup.

Pressure heads are measured using 65 piezometers, 8 piezometers are placed in the two
conduits and 57 piezometers are placed in the matrix at four levels. Twenty-four (24
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) piezometers are distributed 3 cm from the model base. Eleven (11) piezometers are distributed 15
cm from the model base. The third level contains 11 piezometers at 20 cm from the model base and
the last 11 piezometers are placed at 45 cm from the model base. Fig. 3 illustrates piezometers
distribution along the experimental model.
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Fig. 3. Distribution of piezometers levels along the experimental model.

2.2.Experimental Tests

Four experiments are conducted to investigate the effect of conduit connectivity on flow
exchange between conduit network and matrix domain resembling karst aquifers. Experiment 01 is
conducted using a single flowing conduit (1) unconnected to non-flowing conduit (2) where conduit
(2) 1s closed at its both ends, and the diverter valves are closed. The second experiment was identical
to the first one but the diverter valves between the two conduits are opened to simulate connectivity
in case of single flowing a single conduit. Experiment 03 simulates two flowing unconnected
conduits to study the effect of conduit network connectivity. The fourth experiment differs from
experiment 03 by connecting the two conduits to investigate connectivity through the conduits
network. For all experimental tests, the upstream and downstream matrix and conduits heads are
maintained constant so that the matrix head was higher than the conduit head.

3. Results and Discussion

To investigate the effect of conduit connectivity on the matrix-conduit flow exchange,
hydraulic head contours are interpolated using both matrix and conduit head values to shows flow
directions clearly. Fig. 4 shows the hydraulic head distributions at a horizontal section along the
conduits for the four conducted experiments. The horizontal X-axis and Y-axis represent the
longitudinal and transverse directions of the model, respectively. measures are in centimeters. The
left edge represents the upstream boundary, and the right edge represents the downstream boundary.
The black and red lines represent conduit (1) and conduit (2), respectively.

It could be seen from the figure that the flow exchange is from matrix to conduit in all cases.
By comparing Fig.4.A and Fig.4.B., which presents the hydraulic head distributions in cases of
single flowing conduit, one can see a similar pattern with almost a similar hydraulic head
distribution. The same behavior is noted by comparing Fig.4.C and Fig.7.D., which presents the
hydraulic head distributions in cases of double flowing conduit.

To determine the flow exchange between conduits and matrix in studied cases, the inflow and

outflow for the matrix and conduits domains are measured. Table (1) presents the values of inflow
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and the outflow discharges for both domains and the flow exchange of each experiment. The
measures shows that the inflow to both matrix and conduits domain increases by increased the
number of flowing conduits and the same behavior is observed in the outflow of both domains.

For single flowing conduit, it is observed that the flow exchange is found to be 0.10 L/s and
0.11L/s for experiments 1 and 2, respectively with 9.1% increasing value due to the connectivity
between the flowing and non-flowing conduits. In the case of dual flowing conduits, the flow
exchange is found to be 0.13L/s and 0.15L/s for experiments 3 and 4, respectively with 13.3%
increasing value due to the connectivity between the two flowing conduits. Results of conducted
experiments indicate that conduits connectivity increase the flow exchange from the matrix domain
to the conduit.

Table 1. Measured and determined parameters of the experimental tests.

Paramet Experiment| Experiment 01 Experiment 02 Experiment 03 Experiment 04
Conduit | Conduit | Conduit | Conduit | Conduit | Conduit | Conduit | Conduit
Flowing Conduit No.1 No.2 No.l No.2 No.l No.2 No.l No.2
M M | M ] M
Matrix inflow (L/s) 0.31 0.31 0.37 0.35
Matrix outflow (L/s) 0.20 0.21 0.22 0.22
Conduits inflow (L/s) 0.03 0.02 0.05 0.04
Conduits outflow (L/s) 0.14 0.12 0.20 0.17
Flow exchange (L/s) (M to C) 0.10 0.11 0.13 0.15
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Fig. 4. Hydraulic heads distribution in a horizontal section at the conduits level for
A) Experiment 01; B) Experiment 02; C) Experiment 03, and D) Experiment 04.
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4. Conclusion

A 3D physical model with dimensions 3.00x0.60x0.60m was constructed to simulate karst
aquifer. The conduit network is simulated using two parallel horizontal perforated PVC pipes which
are placed along the longitudinal direction of the model. The matrix media is represented by sand.
Four experiments are conducted to investigate the effect of conduit connectivity on flow exchange
between conduit network and matrix domain resembling karst aquifers. For all experimental tests,
the upstream and downstream matrix and conduits heads are maintained constant so that the matrix
head was higher than the conduit head.

Measures of inflows and outflows for both matrix and conduits domains show that the flow
exchange is from matrix to conduit in all cases, the inflow to both matrix and conduits domain
increases by increasing the number of flowing conduits and the same behavior is observed in the
outflow of both domains. For single flowing conduit, it is observed that the flow exchange is
increased by 9.1% due to the connectivity between the flowing and non-flowing conduits. In the
case of dual flowing conduits, an increase of 13.3% in flow exchange is observed due to the
connection between the two flowing conduits.
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