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Summary 

Inland waterways are presented both as a need and an opportunity for developing an 

intermodal transport system to boost Colombian economic growth. Riverine transportation as 

part of an intermodal system represents conveying a significant amount of cargo at a low cost 

and therefore reducing greenhouse gas emissions. To competitively include this cargo 

transportation alternative in an intermodal context, the development of effective container 

vessels is required. Most of the Colombian rivers present sedimentary, high flow, and low depth 

nature. Then, the design of riverine cargo vessels capable of navigating in shallow waters with 

less brake power requirements is needed. A synthesis model: an automatic and integrated design 

procedure, has been programmed to generate and evaluate feasible vessel dimensions at a 

conceptual design stage. Through systematic variations of the main dimensions, this procedure 

allows evaluating a design space in which the most effective concept-vessel solution is selected. 

At the end of this procedure, the main characteristics for container vessels in the Magdalena 

River at a conceptual design stage, are defined. Validation of the synthesis model with a riverine 

logistic support ship is provided.  

Keywords: Riverine cargo vessels; conceptual design; synthesis model 

Nomenclature  

LOA Length overall PE Effective power Cout Outfitting Cost 

L Length at waterline PB Brake power 𝑪𝒎/𝒄 Propulsion plant costs 

B Molded beam  Fnh Depth Froude number CSlab Labor Cost 

D Depth ɳ𝒑𝒓𝒐𝒑 Propulsive efficiency 𝑪𝟎 Unit cost of the material 

T Draught GMT Metacentric height 𝑪𝒐𝒍𝒂𝒃 Labor equipment cost 

Cb Block coefficient BMT Metacentric radius 𝑪𝒎𝒉𝒉𝒖𝒍𝒍 Hull construction man hour cost 

Am Midship section surface 𝑲𝑮𝒔𝒕𝒆𝒆𝒍 Steel centre of gravity 𝑪𝒐𝒎𝒂𝒕 Equipment material cost 

V Ship speed  𝑲𝑮𝒐𝒖𝒕 Outfitting centre of gravity 𝑪𝒎𝒉𝒐𝒖𝒕 Outfitting man hours cost  

h River depth  𝑲𝑮𝒎/𝒄 Machinery centre of gravity 𝑴𝒉𝒔𝒐𝒖𝒕 Outfitting man hours 

Dwt Deadweight 𝑲𝑮𝒄𝒐𝒏𝒕 Container centre of gravity 𝑴𝒉𝒔𝑯𝒖𝒍𝒍 Man hours for hull construction 

Wlight Lightweight 𝑵𝑳𝒂𝒚𝒆𝒓 Layers of containers 𝑺𝒗 Steel waste factor 

WSteel Structural weight  𝒉𝒄𝒏 Container height 𝑽𝒔𝒕𝒆𝒆𝒍 Steel cost per tonne 

𝑾𝒐𝒖𝒕 Outfitting weight CReq Construction cost ∆ Displacement  

𝑾𝒎/𝒄 Machinery weight CSteel Steel cost 𝝆𝟎 Water density  

𝑹𝑻 Total hull resistance CSmat Material Cost 𝑻𝒘 Tank water temperature 

http://dx.doi.org/10.21278/brod73402
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1. Introduction 

From colonial times to the first decades of the XX century, the Magdalena River had been 

the main way of transport for imported goods and routes for immigrants heading to the inland 

cities. Nevertheless, the construction of railways and roads, the strengthening of the airways, 

and the loss of the river’s navigability mean that the cargo transportation by this river is 

relegated to government oblivion. At the end of XX century, the cargo and passenger 

conveyance by this river was mostly represented by tugboats and small high-speed crafts. 

Studies have been done to make navigation on the Magdalena River a key part of the country's 

plan for a multimodal transportation system. 

Colombia is facing the challenge of connecting the national economic activities while 

energy and environmental impacts are under the allowed levels established by several 

international treaties related to climate change. Even though the lower operational costs are 

associated with rail and river modes of transport, currently, most of the cargo and passenger 

transportation is by paved roads, 64% of the once well-extended Colombian railway system is 

nowadays inactive and most of the river transport infrastructure is obsolete.  

In fluvial transportation, there are four main basins with a total of 18225 km of navigable 

waterways. The Magdalena is the one with the highest volume of cargo and passenger 

transportation [1]. Currently, given sedimentary processes in rivers and the decadent 

infrastructure of mostly wharves and piers, the conditions are not adequate to reactivate the 

navigation on these rivers on a larger scale. Therefore, the Colombian government has launched 

a plan to generate a road map detailing the steps to include inland waterways in a multimodal 

transport system. One of the topics is to define a vessel capable of navigating in rivers of 

sedimentary high flow and depths from 2.0 m to 20 m. This vessel class's design must also take 

into account minimizing installed brake power and weight.  

To design a class of inland waterway container vessels to fulfil the requirements 

requested, such as the capability of navigating in shallow waters with fewer brake power 

requirements, first it is necessary to convert all the requirements into technical information. At 

this stage, the basic vessel’s characteristics such as length, beam, draft, or brake power are 

established. On this basis, the following design stages are developed in an iterative process until 

a vessel that satisfies all the requirements is generated. These approaches are known as ‘point-

based design’, the result obtained only occupies a single point in the scenario of possible 

solutions. Kerns [2] stated that the traditional approach to vessel design is largely an ‘ad hoc’ 

process based on experience, design lines, and rules of thumb where, often, objective attributes 

are not adequately quantified to support efficient and effective decisions.  Then, even though 

after the design cycle is finished and an effective vessel has been designed, a possibility exists 

that a better performing vessel could have been developed. For the reasons previously 

explained, a vessel synthesis model is proposed to obtain the basic characteristics of the most 

effective vessel at a conceptual stage. 

The development of a cargo vessel with such performance requires the elaboration of a 

great amount of data, most of which are strongly interdependent, just as in the case of hull 

weight, resistance, and the brake power required. Then, the interdependence of input data 

implies that it is not possible to analyse and solve each problem separately without establishing 

a time-consuming iterative process [3]. Therefore, an automatic design method is highly 

beneficial for exploring a large number of different design combinations.  

In the synthesis model procedure, a parent hull shape is adopted to evaluate, through 

systematic variations of the main dimensions, all the elements necessary to perform the classical 

steps of the design. Some parts of the conceptual model have been calibrated with data from 

existing vessels, to ensure accuracy in the predictions [4]. In the end, a group of possible 

conceptual vessel solutions with a wide variety of dimensions and technical characteristics are 
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obtained. Each solution is evaluated, and, according to the design’s requirements, these 

solutions are ranked based on measures of merit criteria.  

This work intends to define the main characteristics at a conceptual design stage of a 

riverine container cargo vessel, capable of operating in the Magdalena River through a vessel 

synthesis model. Next, the structure of the synthesis model algorithm is explained. 

2. Synthesis model conceptual design process 

In order to obtain the riverine vessel’s convenient dimensions and desirable 

characteristics as a first step to developing a complete and functional design, the workflow 

shown in Fig. 1 is followed. First, restrictions are given by the river and the functional 

requirements of the desired vessel are clarified. Then, a group of possible conceptual vessel 

solutions with a wide variety of dimensions and technical characteristics is obtained. Those 

solutions give rise to a design space in which frontiers are given by the river dimensions and 

functional restrictions. Finally, the obtained results are ranked by the measure of merit criteria. 

The best-ranked vessel dimensions could be the basis for later design stages. 

 

Fig. 1  Flowchart of the integrated design process 

First, input design parameters, such as length, beam, draught, and block coefficient are 

defined. From each of these combinations, technical characteristics such as lightweight, 

payload capabilities, powering and stability calculations are performed. Only if the results of 

these characteristics are feasible and present a convergence among the interdependent modules, 

the acquisition cost is calculated, and the alternative is stored [see Fig. 2]. 

 

Fig. 2 Flowchart of the synthesis model vessel generation and check 

The model is divided into five different modules. Each represents a set of naval 

architecture analytical and semi-empirical models. Each model will be explained in the 

following section. 
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2.1 Weight checking computation module 

Balance between lightweight and displacement is a pivotal constraint in the synthesis 

model. This balance allows to rule out the alternatives that do not converge and, hence, are not 

part of the feasible region. This constraint is expressed as follows [see Eq.1].  

𝐿 ∗ 𝐵 ∗ 𝑇 ∗ 𝐶B ∗ 𝜌0 − 𝑊light − 𝐷𝑤𝑡 = 0 (1) 

2.2 Resistance and powering computation module  

Brake power estimation, at this stage of the design, might be inaccurate given the hull’s 

forms and hull-propulsion system relation vessel are slightly defined [5]. Despite the vast body 

of research into hull resistance models, most of them are focused on marine vessels and due to 

high block coefficients with high L/B ratios typical of inland waters vessels, these models are 

not considered [4] [6]. Schneekluth & Bertram proposed [7] a semi-empirical relation between 

displacement, hull resistance, and velocity for inland vessels’ preliminary designs on deep 

waters. In order to calculate the total hull resistance (RT), a polynomial regression was applied 

[see Eq. 2]. 

𝑅𝑇

∆
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V

√𝐿
)

4

− 144.9 (
V

√𝐿
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3

+ 115.9 (
V

√𝐿
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2

− 28.87 (
V

√𝐿
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𝑙𝑏𝑓

𝑡
       (2) 

 

Since inland ships usually navigate in restricted-depth waters, certain changes occur due 

to the interaction between the vessel and the riverbed [8]. In the first place, there is an effective 

increase in velocity and, by Bernoulli’s principle, a decrease in pressure under the hull, resulting 

in significant changes in sinkage and trim. This leads to friction drag and wave resistance 

increments. 

At low speeds, the depth of water does not affect the wave pattern, nevertheless, by 

increasing the vessel speed above that which corresponds to a depth Froude number (Fnh) 

greater than 0.5, the local pressure distribution around the hull starts being directly affected by 

the water depth. The theoretical critical speed corresponds to Fnh=1, this speed leads to  

significant growth of the bow wave and a consequent increase of the wave resistance [8] [9]. 

Radojcic et al. [9] state that according to ITTC 2017 [10], shallow water effects on vessel 

resistance should be taken into consideration when either the water depth – draught relationship 

(h/T) is below 4 or the depth Froude number (Fnh) is higher than 0.5. Given the water depth 

levels of the Magdalena, most vessels navigating on this river will fulfil at least one of these 

criteria.  

 The shallow water resistance estimation methods consist of either giving a speed 

correction or a resistance correction. The method of Lackenby [11], one of the most widely 

known, consists of a formula that can be used to determine the speed loss in shallow waters 

compared to the speed in deep water [see Eq. 3]. 

 

𝑉(ℎ) = 𝑉(∞) − (0.1242 (
𝐴m

ℎ2
− 0.05) + 1 − (tanh (

𝑔ℎ

𝑉2(∞)
))

1

2

) 𝑉(∞)                      (3) 

 

The method of Lackenby corrects the vessel speed and then, with this speed correction, 

resistance can be calculated by a deep water resistance method. Rottenveel [12] stated that 

according to a research at Marin [13], the Lackenby method for resistance correction gives a 

relatively high correction for wave resistance, as well as a high overall resistance estimate. 

Although this method does not take sinkage and trim effects into account, it is frequently used 

to correct resistance for shallow water effects.  
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The method used by SURSIM simulation software to determine inland vessel resistance 

starts from a deep water resistance estimation by Holtrop & Mennem or any other preferred 

method or trends derived from experimental methods [12]. Once the deep-water resistance is 

known, a correction factor is applied for shallow waters. This method might be based on the 

method of Lackenby, and, in the same way, does not take squat effects into account. This 

method was selected to estimate the shallow water effects in this synthesis model considering 

that the Froude number based on water depth will not be above 0.65. SURSIM presented a 

relation as a function of keel clearance and water depth as well as on the B/T ratio [7] [see 

Eq.4]. 

         
𝑅𝑇 (ℎ)

𝑅𝑇 (∞)
=  −0.125 + 0.875 (𝐾𝑤𝐷0 + 0.4

𝐵

𝑇
 𝐾𝑤𝐷1)                                           (4) 

𝐼𝑛 𝑤ℎ𝑖𝑐ℎ: 

                  𝐾𝑤𝐷0 = 1 + 0.97𝑒−2.74 CwD 

        𝐾𝑤𝐷1 = 0.75𝑒−4.875 CwD 

        𝐶𝑊𝐷 =
ℎ−𝑇

𝑇
 

Although Holtrop & Mennem [5] presented in their research a model to estimate the 

resistance of appendices, because of the simplicity of the algorithm and undefined variables 

needed, the resistance of appendices was fixed as 15% of the hull´s total resistance. An 

additional 15% security factor was added to the obtained total hull resistance. 

The required brake power (𝑃B)can be obtained by relating the efficiency of the propulsion 

system with the effective power (𝑃E) [see Eq. 5 and Eq. 6]. Shallow water navigation implies a 

reduced clearance between the bottom of a ship and the riverbed. The water inflow to the 

propeller is different which leads to lower propulsive efficiency. Focused on the subcritical 

region, Pompée [14] stated that the propulsive efficiency might be between 20% and 50%. For 

this project, the propulsive efficiency was set at 35%.  

𝑃E = 𝑅𝑇 𝑥 𝑉 (5) 

𝑃𝐸

𝑃𝐵
= ɳprop (6) 

Younis et al. [6] proposed in their research an equation that may be used in the early 

design stage to calculate the power of conventional self-propelled inland units. The relation was 

developed by plotting some of the existing inland container vessels on the Nile river [see Eq. 

7]  

𝑃B = 0.02 ∗ [𝑉3 ∗ ∆
2

3]
0.841

 (7) 

2.3 Autonomy computation module 

Vessel autonomy is based on the load capacity and consumption of provisions and fuel. 

This consumption rate is affected by the size of the crew and the length of each journey.   

For the consumption of drinking water, the "Sanitation on Vessel" compendium of the 

World Health Organization recommends using 30 gallons per person each day and storage must 

be sufficient for a minimum of 2 days if a drinking water treatment plant is installed. Regarding 

the consumption of groceries, for this module, a ratio of daily consumption per person is 

implemented according to U.S Navy standards [15]. 

2.4 Center of gravity and weight computation module  

Weight estimations were based on regressions developed from vessels with similar 

performance [6]. Because at this stage it is impossible to calculate accurately the weight of the 



DR. Alvarado, LA. Paternina, Synthesis model for the conceptual design of inland cargo  

EG. Paipa vessels to operate on the Magdalena river  

18 

different construction groups according to the ship work breakdown structure (SWBS) that are 

part of the vessel, such as structure, propulsion machinery, power generation equipment, 

auxiliary machinery, accommodations, and communication equipment, it is essential that a 

margin of error to be included in the estimate. For this study, a 5% design-build margin applied 

to the lightweight of the vessel is used. Displacement is expressed as the sum of lightweight 

(Wlight) and deadweight (𝐷𝑤𝑡) [see Eq. 8]. 

∆= Wlight + 𝐷𝑤𝑡 (8) 

First, lightweight is defined as the sum of the weight of the structural elements, outfitting 

and machinery [see Eq. 9]. 

Wlight = Wsteel + Wout + Wm/c + Margin      (9) 

In which: 

𝑊steel = 𝑆𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙  𝑤𝑒𝑖𝑔ℎ𝑡 

𝑊out = 𝑂𝑢𝑡𝑓𝑖𝑡𝑡𝑖𝑛𝑔 𝑤𝑒𝑖𝑔ℎ𝑡 

𝑊m/c = 𝑀𝑎𝑐ℎ𝑖𝑛𝑒𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 

𝑀𝑎𝑟𝑔𝑖𝑛 = 5%  𝑙𝑖𝑔ℎ𝑡𝑤𝑒𝑖𝑔ℎ𝑡 

Younis et al [6], in their research, presented a steel weight regression for inland container 

vessels, in which steel weight is shown as a function of L, B, D, draught, and block coefficient, 

also, because of the semi empirical nature of the regression, an additional 15% margin was 

applied [see Eq. 10].  

𝑊steel  =  0.097 ∗ [𝐶 ∗  𝐸1.36]0.831 (10) 

In which: 

𝐸 = 𝐿oa ∗ (𝐵 + 𝑇) + 0.85𝐿oa ∗ (𝐷 − 𝑇)   

𝐶 = [1 + 0.05 ∗ (𝐶′
B − 0.7)]   

        𝐶′
𝐵 = [𝐶𝐵 +

(1−𝐶𝐵)(0.8𝐷−𝑇)

3𝑇
] 

 

The outfitting weight (Wout) is proportional to L and B. Maged [16] stated that, for inland 

vessels, this relation presents a proportional factor of 0.028 tonne/m2 [see Eq. 11]. 

Wout = 0.028 LB         (11) 

         Regarding machinery weight, Schneekluth & Bertram [7] presented that machinery 

weight is related to diesel engine speed in such a way that machinery weights (𝑊m/c) can be 

calculated as follows. 

 

▪ Low speed diesel engines (110–140 rpm):                          0.016 – 0.045 t/kW 

▪ Medium speed diesel engines (400–500 rpm):                    0.012 – 0.020 t/kW 

▪ Type ‘V’ Medium speed diesel engines (400–500 rpm):    0.008 – 0.015 t/kW 

 

         Additionally, Sherali [17] stated that the relation among machinery weight and its brake 

power follows a 0.02 proportional relation [see Eq. 12] given the semi empirical nature of the 

relation, an additional 15% margin was applied. 

𝑊m/c = 0.020 ∗ 𝑃B  (12) 
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On the other hand, deadweight is calculated as a function of containers transported on 

board. 12 tons are considered the average weight for each container. The number of modular 

transport elements is determined based on the number of containers along the length of the 

vessel, the number of containers across the beam, and the number of container levels. 

In addition to the payload, other weights are added to the dead weight, such as fuel, carried 

water, weights associated with the crew, provisions, ballast that is not permanent, or lubricating 

oil.  

To calculate the centre of gravity (KG) related to steel, machinery, and outfitting weights 

previously obtained, Younis et al. [6] in his research, presented the gravity centre of each 

lightweight component as a proportional coefficient of depth [see Eq. 13 to 15]. 

𝐾𝐺steel = 0.70 ∗ 𝐷 (13) 

KGout = 1.20*D (14) 

KGm/c = 0.60*D (15) 

Deadweight center of gravity are defined by modular containers on deck. Then, this center 

of gravity is defined by depth (D), the layers of containers (𝑁Layer) and container height (ℎ𝑐𝑛) 

[see Eq. 16] [18]. 

𝐾𝐺cont = 𝐷 + [
𝑁Layer∗ℎ𝑐𝑛

2
] (16) 

For centers of gravity of other weights such as fuel, provisions, drinking water, non-

permanent ballast, stores or lubricating oil, [17] proposed the next relation [see Eq. 17]. 

𝐾𝐺others = 0.34 ∗ 𝐷  (17) 

2.5 Stability checking module 

Stability could be defined as the property of a body that causes it when disturbed from a 

condition of equilibrium or steady motion to develop forces or moments that finally restore the 

original steady condition. In vessels, a higher stability grade implies that are less prone to 

capsize.  

The principles behind the stability of river vessels are no different from those of seagoing 

vessels and therefore common knowledge methods can be used to determine the stability of a 

vessel in river navigation. There are, however, regulations that are related to the stability of 

river vessels that must be followed, these regulations affect the freeboard and can limit the 

amount of cargo that can be transported [19]. 

In the early stages of design, the transverse metacentric height (GMT) indicates the level 

of stability of the vessel, as well for riverine vessels, the GMT must be above 1 meter [see Fig. 

3] [see Eq. 18] [9].  

𝐺𝑀T = 𝐾𝐵 +  𝐵𝑀T − 𝐾𝐺  (18) 

Where 𝐾𝐵 is the vertical buoyancy center, BMT is the transverse metacentric radius, KG 

is the vertical center of gravity. Rawson &Tupper [19] stated that KB for riverine vessels can 

be calculated as a function of draught [See Eq. 19]. 

𝐾𝐵 = 0.535 ∗ 𝑇    (19) 

Similarly, the transverse metacentric radius (BMT) is calculated according to the 

following equation [19] [see Eq. 20]. 
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BMT = [
1

12.5-(
T

D
)
] *

B2

T
 (20) 

The vertical center of gravity (KG) is calculated using the following equation, considering 

the centers of gravity calculated in the module of weights and centers of mass [see Eq. 21]. 

𝐾𝐺 =
(𝑊∗𝐾𝐺)light+(𝑊∗𝐾𝐺)Dwt  

∆
 (21) 

 

Fig. 3 Schematic of stability parameters  

2.6 Cost calculation module 

This module was carried out to calculate the cost required for construction (CReq). The 

model is based on material (𝐶𝑠𝑡𝑒𝑒𝑙), outfitting (𝐶out) and machinery costs (𝐶m/c ) [see Eq. 22]. 

𝐶Req = 𝐶steel + 𝐶out + 𝐶m/c      (22) 

 

The steel cost (𝐶steel) is defined by material (𝐶smat)  and labor cost [20][see Eq. 23]. The 

labor cost (𝐶slab),  is given as a result of man hours (𝑀ℎ𝑠Hull) multiplied by the cost of each hour 

(𝐶𝑚ℎhull) [see Eq. 24 and 25]. 𝐾0 is defined as a sensitivity constant obtained by each shipyard.  

𝐶Steel = 𝐶slab + 𝐶smat (23) 

𝐶slab = 𝑀ℎ𝑠hull ∗ 𝐶𝑚ℎhull (24) 

𝑀ℎ𝑠hull = 𝐾0 ∗
√𝐿oa∗𝑊Steel

23

𝐶b

 (25) 

The block coefficient is used as a shape factor that affects the content of the steelwork 

that comprises the hull shape steel in the form of one more cost to produce. 

The Material Cost (Csmat) is calculated by multiplying the weight of the steel by a fixed 

value for the manufacture of one tonne of steel [20]. The cost of welding and gases is normally 

added to the structural material cost as a percentage which is based on an analysis of vessels 

previously built [see Eq. 26]. 

𝐶smat = (1 + 𝐶0)5 ∗ (1 + 𝑆𝑣) ∗ 𝑉steel ∗ 𝑊steel (26) 

         Where 𝑆𝑣 is a waste factor and 𝑉steel is the steel cost per ton, 𝐶0 is the change in percentage 

of the unit cost of the material [21] .This is a function of the block coefficient, which also 

changes the costs of the hull and the propulsion systems. 

Equipment and engineering costs are divided into labor equipment cost (𝐶olab) and 

equipment material cost (𝐶omat) [see Eq. 27]. Equipment labor costs are calculated from the 

equipment weight [see Eq. 28], which requires an evaluation of man-hours and multiplying this 

by an average wage per man-hour [21]. 

𝐶out = 𝐶olab + 𝐶omat (27) 
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𝐶olab = 𝑀ℎ𝑠out + 𝐶𝑚ℎout (28) 

 

The required Man-hours for outfitting (𝑀ℎ𝑠𝑜𝑢𝑡) are calculated from the following 

formula [see Eq. 29], where K1 denotes productivity levels, salary ratios, expenses and earnings 

obtained by each shipyard.  

𝑀ℎ𝑠out = 𝐾1 ∗ (𝑊𝑜𝑢𝑡)
2

3 (29) 

Equipment material cost (𝐶omat) is defined by the relationship between the equipment 

weight and material unit cost factors [see Eq. 30] [20]. On the other hand, propulsion plant costs 

(𝐶m/c ) are assumed to vary continuously with propulsion power, and this is the result of 

propulsion power multiplied by unit costs per unit of energy [21]. 

 

𝐶omat = (1 + 𝐶0)5 ∗ 𝐾2 ∗ (𝑊out)
n (30) 

Where n=0.95 is related to material costs [20] and K2 is set for the Colombian shipyard 

selected for the project.  

3. Methodology 

For this work, to run the model, a MATLAB code was developed. The algorithm is mainly 

composed of four blocks. In the first block, the input data corresponding to the initial 

dimensions between the set boundaries is entered. 

In the second block, the restrictions of the dimensions that give the borders of the design 

space are presented Before entering the for-loop, the step of the variation of the parameters is 

determined to generate the possible combinations. Finally, in the block for calculations, the 

power modules, capacities, weights, stability, and costs are carried out; from this module, the 

combinations that do not meet the requirements established for each module are discarded. At 

the exit of this module, the iterations that make up the design space are saved [see Fig. 4]. 
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Fig. 4 Synthesis model algorithm  

 

3.1 Boundaries of the synthesis model 

To determine the main dimensions of the concept vessel, the boundaries of the possible 

length, beam, and depth obtained must be established. Those boundaries are defined based on 

parametric references of vessels with similar characteristics related to the concept vessel. For 

this study, the L/B, L/D, and B/T relationships are defined by Younis et al. [6]. 

Most inland vessels are characterized by high values in block coefficients and, hence, a 

greater displacement at the low draft and resulting in a reduction in their construction cost. 

Therefore, for most riverine navigation vessels, the block coefficient can vary between 0.8 and 

0.9 [9]. 

The vessel draught is limited by the depth of the water. The clearance between the vessel 

and the bottom of the track must be at least 0.50 m [22]. The minimum depth established in the 

project requirements with a value of 2.0 m is taken as a reference. Then, the maximum design 

draught is to be 1.5 m. Based on the B/T ratios and the minimum freeboard constraints – 0.5 m 

-the minimum possible draft boundary for the vessel is found to be 1 m [see Fig. 5]. 
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Fig. 5 Channel dimensions  

The minimum channel widths necessary for safe navigation on straight sections depend 

on the type and size of the equipment generally used in the channel, the alignment and speed of 

the currents, the intensity of the prevailing wind, the limits of the channel, aids to navigation, 

and whether one-way or two-way traffic is allowed. The minimum width of the channel must 

be enough to accommodate the width of a ship, the space between the ship and the edge of the 

channel, and the space between ships for two-way traffic [23]. 

Operating experience has indicated that the minimum space required for reasonably safe 

navigation on straight sections should be at least 20 feet (6 meters) between the vessel and the 

limits of the two-way traffic channel; 40 feet (12.19 meters) for one-way traffic, and at least 50 

feet (15.2 meters) between skids when passing [24]. 

Considering the specifications for the double-lane navigable channel of the Magdalena 

River with a width of 52 m in the section between Barranquilla and Barrancabermeja, the 

maximum beam of the vessels that would use the fluvial artery according to the safe navigation 

specifications must comply with the previous considerations. Therefore, the maximum possible 

beam of the concept vessel cannot be greater than 12.5 m [24]. Given the B/T and L/T 

relationships and the need to carry on board two containers in width, the minimum beam 

boundary is set at 7.5 m. 

The depth restrictions are determined by the maximum and minimum length/depth ratios. 

Then, the maximum depth of the vessel could be 3.5 m and the smallest, 2.3 m [see tables 1 & 

2].  

Table 1  Geometric relationships 

Geometric 

relationships 
Cargo Vessels 

LOA/D 22.20 – 17.04 

LOA/B 6.5 – 4.50 

B/T 10.38 – 7.54 

Cb  0.8 – 0.9 

 

Table 2 Geometric relationships 

Characteristics Cargo Vessels 

Beam     [m] 12.4 – 7.4 

Length  [m] 78.1 – 41.5 

Depth     [m] 3.5 – 2.5 

Draught  [m] 1.6 – 1.2 

Vessel speed  

[knots] 
9.0 – 6.2 
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4. Results and discussions  

From the synthesis model, 628320 iterations were obtained, 51064 of which were 

convergent. For each of those convergent solutions, vessel basic geometry characteristics, such 

as required brake power, displacements, weights, and acquisition costs, were stored. First, the 

convergent results filtered on vessels capable of navigation at 9 knots were plotted in terms of 

brake power as a function of displacement to obtain the design space. Additional L and B 

relations were characterized to discuss the dimensional effect on the power/displacement 

relationship [see Fig. 6]. 

By relating the values obtained in the relation between displacement and the required 

brake power at 9 knots, it can be seen that the higher the displacement, the higher the brake 

power requirements. Additionally, each plotted point is related to a different block coefficient 

value from 0.8 to 0.9; the higher the value of this coefficient, the higher the displacement and 

the brake power required. Also, the points are grouped by length and beam, and inside these 

groups, each point differs from the others by depth and draught values. 

 
Fig. 6 Required brake power at 9 knots as function of displacement   

 

There is a strong dependence between the increase of brake power and beam; an increase 

of 33% in beam implies an increase of nearly 50% in brake power. Although, an increase of 

29% in length only implies an 8% growth in power brake. The trends of these were explained 

by [6] where it is stated that cargo riverine vessels present a flat bottom due to draught 

restrictions. Longer and slender vessels present lower hull resistance, while vessels designed 

with a wider beam are known for better stability. 
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Fig. 7 Required brake power at 9 knots at 78.1 m length and 12.4 m beam 

 

With the set of results related to 78.1 m length and 12.4 m beam, the characteristics of the 

global obtained data will be explained as a function of block coefficient (Cb) and draught (T) 

[see Fig. 7]. An increase in block coefficient would imply a proportional growth in displacement 

and, hence, an increase in brake power. According to the analytic models, the relationship 

between displacement and brake power fits in a quadratic regression, and, after classifying the 

results as a function of block coefficient and draught, it was found that draught, given the 

theoretical and semi-empirical model exposed, has a higher influence in the behaviour of brake 

power than block coefficient. For instance, an increment of 12.5% in Cb, would imply a 20% 

growth in brake power whereas an 8% increment in draught would bring as consequence an 

increase of 21% in brake power. 

The effect of draught and block coefficient on power brake and displacement can be 

evaluated in the next graph [see Fig. 8]. 

 
Fig. 8 Effect of draft in brake power- displacement relationship 

To evaluate the effectiveness of a riverine cargo vessel, it is deemed necessary to know 

how many deadweight tons are displaced by each power unit. Thus, a relationship between the 

brake power and deadweight ratio as a function of the ratio between lightweight and 

displacement has been proposed. The obtained data are segregated by length and beam [see Fig. 

9].   
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Fig. 9 Brake power – deadweight ratio vs displacement ratio at 9 knots and 1.2 m draught 

 

Displacement is the consequence of the summation of deadweight and lightweight [see 

eq. 6]. Figure 9 shows that an increase in length implies a reduction in the lightweight- 

displacement ratio and, hence, a larger proportion of deadweight in the displacement. 

Additionally, at the same beam, longer and slender vessels entail a lower requirement of braking 

power for each tonne of deadweight. For instance, with 12.4 m of beam, an increase of 19% in 

L/B ratio implies a reduction of nearly 20% in brake power requirements per tonne of 

deadweight. 

Vessels with smaller beams have a higher proportion of lightweight with regard to their 

displacement. For example, when vessels of 41.5 m and 78.1 m of length are compared, the 

lightweight of the vessel can represent up to 65% of the displacement, while for the latter, the 

lightweight represents between 43% and 53% of the displacement. These percentages could be 

a consequence of the limited draught established.   

As a complement to the previous graph, the effect of draught on the brake 

power/deadweight ratio is presented below [see Fig. 10]. An increase in draught leads to a 

proportional rise in the required power. The increase in power required for each tonne of cargo 

would increase by up to 35% with only a 16% increase in draught. 

 
Fig. 10 Effect of draft on brake power-deadweight ratio 
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Next, the effect of depth in lightweight is analyzed. The increase in depth may lead to a 

slightly rise in steel weight. A depth elongation of 16% leads to an increase up to about of 2.5% 

in lightweight [see Fig. 11]. 

 

 
Fig. 11 Effect of depth on displacement 

According to the previously described relationships, and to obtain the most convenient 

conceptual solution, a multi-criteria selection model was developed with the ‘Expert Choice’ 

software to define the measures of merit criteria. This software, by implementing an analytical 

hierarchy process, allows the selection of one of the alternatives. As criteria for choosing the 

best alternative, the deadweight, the weight, the range, and the minimum required brake power 

were used. 

A vessel capable of carrying the greatest number of supplies with the lowest power 

requirements, draught and lightweight is desirable for this project. A greater range would allow 

reaching more remote locations and a lower power requirement would allow the selection of 

engines with decreased weight, consumption, and dimensions, even ensuring a maximum speed 

of 9 knots. Using the selection model, the best-ranked solutions are calculated according to the 

following measure of merit [see table 3]. The percentages represented in the measure of merit 

show the preponderance of each described parameter in the selection of the vessel over 100%   

Table 3 Measure of merit of the selection model 

Parameter Measure of merit 

Deadweight 38.8% 

Min. Brake power 31.1% 

Draught 14.3% 

Lightweight 10.4% 

Range 5.4% 

        Given the variable conditions of the Magdalena river, the size of ports and piers, and the 

functionality of the vessels, a unique optimal vessel found may not be appropriate for the most 

common transportation functions and available port infrastructure. Therefore, three sets were 

formed with the results based on their beam [see Fig. 7] and, from each set, a vessel was 

obtained that would effectively satisfy the design requirements [see Fig. 12]. The greater the 

reported percentage, the better the performance in each parameter.  
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Fig. 12 Best ranked solutions performance 

 

The rating recorded for each of the parameters in the above graph refers to the overall 

data. The vessel, with a length of 78.1 m and a beam of 12.4 m, has an overall rating in terms 

of the deadweight of 99.5%, being surpassed only by vessels with a higher block coefficient. 

Similarly, the 47.6 m long vessel with a beam of 7.4 m presents the global minimum of required 

power. Given the hierarchy of the chosen parameters, the vessel with the greatest length and 

beam would represent the best overall rated option. 

When relating the cost of acquisition to the length of the vessel, it is found that the 

alternative with the shortest length represents the highest cost of acquisition per length [see Fig. 

13]. This relationship would be related to the price of steel and the lightweight/displacement 

ratio. On the other hand, when the minimum power required is related to the deadweight 

regarding the three chosen alternatives, it was found that less power is required to move each 

tonne of deadweight at longer vessel lengths [see Fig.14]. 

      
    Fig. 13 Acquisition cost- best ranked solutions              Fig. 14 Brake power- best ranked solutions 

 

The figure below shows the power curve for the three selected alternatives as a function 

of the relative speed of the vessel. The vessel with the largest length has the highest power 

requirement given the strong influence of beam in the power required [see Fig. 15]. 
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Fig. 15 Best ranked solutions performance at deep waters 

The characteristics of the three best ranked solutions are exposed in the next table [see 

table 4]. Each alternative represents solutions to different requirements related to deadweight 

and range needed.  

Table 4 Conceptual vessel models selected 

Dimensions   Alternative 1   Alternative 2   Alternative 3   

Length overall (LOA)   47.60± 3 m   59.80± 3 m   78.10± 3 m   

Length at the waterline  

(LWL)   
45.22± 3 m   56.81± 3 m   74.19± 3 m   

Beam (B)   7.40 ± 1,25 m   9.90 ± 1.25 m   12.40± 1.25 m   

Depth (D)   2.30 m   2.30 m   3.10 m   

Draught (T)   1.20 m   1.20 m   1.20 m   

Brake power (9 knots)   312.85 kW   425.49 kW   549.32 kW   

Deadweight 140.32 t   271.26 t   503.47 t   

Lightweight 178.02 t   263.03 t   379.75 t   

Displacement   318.34 t   534.29 t   883.22 t   

KG [m]   2.31 m   2.43 m   2.82 m   

Block Coefficient (Cb)   0.8   0.8   0.8   

 

The conceptual designs of the proposed vessels are partially based on logistic support 

vessels and landing crafts commissioned by the Colombian navy and designed by COTECMAR 

[see Fig. 16 to 18] 

 
Fig. 16 Proposed conceptual design of the alternative 1 
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Fig. 17 Proposed conceptual design of the alternative 2 

 

 
Fig. 18 Proposed conceptual design of the alternative 3 

 

5. Validations of the synthesis model  

To validate the model, a riverine low draft logistic support vessel, designed by 

COTECMAR to provide medical and humanitarian aid, was taken as a reference. [see Fig. 19]. 

For validation of the model’s modules, the dimensions and main characteristics of the reference 

vessel were taken as inputs [see table 5]. 

 

 
Fig. 19 Reference vessel to validate the synthesis model  
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Table 5 Main Dimensions of the reference validation vessel 

Dimensions   Reference vessel  

Length overall (LOA)   43.40 m   

Length at the waterline  (L)   40.2 m  

Beam (B)   8.0  m   

Depth (D)   2.30 m   

Draught (T)   1.20 m   

Installed Brake power  448 kW   

Displacement  313.2 t 

Shallow waters speed  6 kn 

Deep waters speed  8 kn 

Block Coefficient  0.812 

 

5.1 Validation of the weight module   

According to Table 6, the lightweight of the reference vessel is represented by the 

synthesis model with an error margin of 5.82%. The lowest difference is found in the structural 

weight calculations [see eq. 8] with a difference of 5.12% and the highest is represented by 

machinery weight [see eq. 10]. 

Table 6 lightweight of the vessel in comparison with the synthesis model  

Dimensions   Reference vessel  Synthesis Model  Difference [%] 

Structural weight (Wsteel)   114.9 t  109.3 t 5.12% 

Outfitting weight  (Wout)   70.34 t 62.73 t   10.8% 

Machinery weight  (Wm/c)   12.60  t   10.61  t   15.7% 

Lightweight    (Wlight)   197.84 t   186.32 t  5.82% 

 

5.2 Validation of the resistance and powering module   

The total hull resistance of the reference vessel was studied with experimental models. 

Experimental model tests have been performed in the Towing Tank of the Universidad Austral 

de Chile at waveless deep and shallow water conditions [see Fig 20]. The parameters of these 

tests are showed in Table 7.  

 

Table 7 Towing tank test parameters  

Parameters   Reference vessel  

Scale  ( λ) 20  

Tank water temperature (𝑇𝑤) 20°C 

Water density (𝜌)   1005 kg/m3   

Kinematic viscosity (ν)  1.04x10-6 m2/s   
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Fig. 20 Towing tank tests with the model of the reference vessel  

 

 

From the test, it was obtained a total resistance and effective power curve at shallow and deep 

water conditions. The effective power was set up with the propulsive efficiency, detailed in 

section 2.2. These curves were compared with resistance vs speed curves obtained by the 

proposed model and Holtrop-Mennen resistance model, all with corrections by the SURSIM 

method for shallow water resistance. The Younis model [see Eq. 7] was also compared in brake 

power curves. 

 

The comparison of the models with the towing tank resistance results shows two different 

behaviours. On one side, at deep water conditions, the synthesis model formulation presents an 

error of 6.53% concerning experimental results of the functional design speed whereas at the 

same point, Holtrop-Mennem method exhibit an error close to 23% [see Fig 21]. Nevertheless, 

at higher speeds than the functional design speed, both models underestimate the ship 

resistance, and, consequently, the brake power required [see table 9]. 

 

Experimental results also showed that at higher speeds than 8 knots in deep water conditions, 

there is a considerable increase in sinkage. In brake power estimations, the synthesis model 

formulation exhibits an error of 5.1% at the functional design speed whereas Holtrop-Mennem 

method underestimates the needed brake power by 22.7% and Younis method overestimates 

the brake power showing a difference of 82% according to the experimental results [see table 

10] [see Fig 22]. 
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Fig. 21 Total Resistance related to Ship Speed at deep waters conditions 

 

 
Fig. 22 Brake Power related to Ship Speed at deep waters conditions  

 

On the other hand, in shallow water conditions, both models present coherence with the trends 

of the experimental results until the depth Froude number reach a value near 0.6. The approach 

proposed in the synthesis models obtains errors below to 6% until the previously mentioned 

depth Froude number [see Fig 23]. After that point, resistance and consequently the required 

brake power showed a drastic increment [see table 10]. This behaviour could be explained due 

to the transition from the sub-critical region to the critical region, where the effects of water 

depth strongly affect the wave-making resistance [see Fig 24]. 
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Fig. 23 Total Resistance related to Ship Speed at shallow waters conditions 

 

 

 
Fig. 24 Brake Power related to Ship Speed at shallow waters conditions 
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Table 9 Total hull resistance in comparison with the synthesis model and Holtrop-Mennem model 

 

 Towing tank test  Synthesis Model  Holtrop-Mennem 

Resistance values values difference values difference 

Deep Water 

Resistance 

at 8 kn 

16.08 kN  15.03 kN  6.53% 12.4 kN  22.88% 

Deep Water 

Resistance 

at 4 kn 

3.51 kN   3.92 kN   10.45%  2.98 kN 15.09% 

Shallow 

water 

resistance at 

6 kn   

39.87 kN  10.58 kN  73.46%  6.36 kN 84.04% 

Shallow 

water 

resistance at 

5 kn   

8.32 kN   7.44 kN   10.57%  5.88 kN 29.3% 

Shallow 

water 

resistance at 

3 kn   

 2.67 kN  2.72 kN 1.87% 2.45 kN 8.23% 

 

 

 

Table 10 Brake power in comparison with the synthesis model and Holtrop-Mennem model 

 

 

Towing tank 

test  
Synthesis Model  Holtrop-Mennem Younis 

Brake power values values difference values difference values difference 

Deep Water 

brake power 

at 8 kn 

188.64 kW   203.19 kW  5.12% 145.79 kW  22.7% 343,83 kW  82.22% 

Deep Water 

Brake power 

at 4 kn 

24.97 kW  26.53 kW 6.41%  17.51 kW 29.8%  67.52 kW 170.04% 

Shallow water 

brake power 

at 6 kn   

429.21  kW    107.26 kW 75.0%  56.08 kW 86.93%  231.14 kW 46.14% 

Shallow water 

brake power 

at 5 kn   

61.11 kW   52.19 kW  5.82%  43.21 kW 29.29%  58.92 kW 3.58% 

Shallow water 

brake power 

at 3 kn   

11.26 kW   11.47 kW  1.86%  10.80 kW 4.08% 12.33 kW  9.50% 
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6. Conclusions  

With the development of this rational methodology, a convergent and adequate solution 

is obtained of the conceptual design for a riverine cargo vessel based on the requirements and 

restrictions of inland navigation on the Magdalena River.  

The design space corresponds to viable alternatives for a riverine cargo vessel. This 

design space can be dimensioned by means of synthesis models whose parameters, limits and 

restrictions are determined by semi-empirical approximations, regressions and analytical 

relationships. From this model, the dimensions for three 1.2 m draught vessels with different 

deadweight/lightweight ratios and installed power requirements were obtained. The obtained 

vessel dimensions can be the design baseline for subsequent designs.  

The required brake power is strongly influenced by the beam and the length/beam ratio 

in the second instance. A decrease in L/B ratio implies that longer and slender vessels present 

less brake powering requirements per tonne of deadweight. Block coefficient presents a slighter 

influence in brake powering requirements in comparison with the effect of draught. 
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