
Chapter 7

Calibration of Numerical Model

Calibration of the numerical model was performed through a series of experiments that

will be explained shortly in sections 4.1 and 4.2. Single stack experiments are aimed

understanding the effect of some basic variables, described in each pertinent section,

whilst three stacks configuration has the main goal of identifying contact.

7.1 Seven-tiers Single Stack (7x1)

The study limited the analysis of displacement of top corner of some individual contain-

ers. Furthermore, for means of comparison the highest container was used for evaluation

purposes. As mentioned in section 2.5, displacement-time response data was analyzed

using three techniques: time history, coefficients of Fourier expansion and RMS value

comparison.

7.1.1 Numerical Investigation: Finite Element Analysis (7x1)

A simplified 3-D finite element model of the system is as follows: seven scaled models of a

20 ft ISO freight dry container, twist locks and shaking table arranged in a single stack of

seven-tiers. This model was developed using commercial software (Hypermesh 8.0, Altair

Engineering Inc., 1995-2006). Details of the model’s structure are presented in section 5.1.

Scaled models were considered as steel frames sections compounded of circular and pipe

beams (details of every profile are described in table 5.1). Numerical model is depicted

in Figure 7.1. Moreover, twist locks were modeled using the mathematical relationship

depicted in Figure 5.7.

Finally, the shaking table was considered a rigid body where the driving excitation

follows same conditions imposed in the experiments (see table 4.1). Damping for the
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7.1 Seven-tiers Single Stack (7x1)
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Figure 7.1: Finite element model of the seven-tier single stack case (7x1).

system was implemented using Rayleigh damping coefficients (see section 5.3.1) charac-

terizing the main difference between this model and the model used during the pilot study.

The numerical analysis was performed with a commercial finite element analysis pack-

age (Abaqus version 6.7, Dassault Systems), which accounts for geometry non-linearity

considering a dynamic study in an implicit integration scheme.

7.1.2 Numerical Model Validation (7x1)

7.1.2.1 Amplitude (7x1)

Naturally, amplitude affects the system in a manner proportional to its magnitude, i.e.,

an increase in the amplitude of the driving excitation induces a direct proportional in-

crease in the response amplitude observed in point 1. However, this does not provide any

extra information about the nature of the system. To visualize the system, the overall

behavior a plot of a non-dimensional ratio between driving excitation and response versus

driving excitation was used. Response amplitude was calculated using Fourier expansion

as explained earlier in section 2.5. Figure 7.2 depicts this kind of comparison. The corre-

sponding values for the experimental data were 0.253, 0.162, and 0.155 , for the driving

excitation amplitudes of 2, 4 and 6 mm, respectively. These measurements are consistent

with the finite element prediction that were 0.219, 0.156 and 0.157 for the same ampli-

tude range. Differences between experimental and numerical data were 13.59%, 3.6%
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7.1 Seven-tiers Single Stack (7x1)

Figure 7.2: Amplitude comparison (relative motion). Case: 7x1–2 Hz–1 mm gap–0 degree.

and 1.54% for the driving excitation amplitudes of 2, 4 and 6 mm, respectively. For this

variable the numerical data shows a good level of agreement with the experimental data.

Furthermore, Figure 7.2 points out a stable system, a fact that is reflected between exper-

imental and numerical data. Additionally, the same behavior was observed for the range

of frequencies used in this study. Although the frequency range is not relevant for ships’

movements like rolling and pitching that have frequencies ranging from 0.1 to 0.04 Hz,

the same cannot be assumed for heaving. Thus, findings originated from the frequency

range of this study can be used to understand the mechanical behavior of the container

stack during heaving. Another interesting study involving the ratio described here is the

plot against the ratio between driving excitation frequency and natural frequency of the

system, which characterizes the transmissibility function. However, for such an approach,

the estimation of the natural frequencies of the system would be necessary. Neverthe-

less, the system itself is non-linear, so a classical eigenvalue approach to find the natural

frequencies does not apply, which leaves experimental determination as the only option.

7.1.2.2 Frequency (7x1)

Frequency analysis shows that the corresponding values for the experimental data were

0.25, 0.15, and 2.44 mm, for the lateral direction and 0.85,0.82 and 0.42 mm for the

vertical direction for the frequencies of 0.5, 1 and 5 Hz, respectively. These measurements

are consistent with the finite element prediction that were 0.29, 0.20 and 2.13 mm for
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7.1 Seven-tiers Single Stack (7x1)

the lateral direction and 0.89, 0.77 and 0.51 mm for the vertical direction for the same

frequency range. Differences between experimental and numerical data were 16.03%,

32.83% and 12.82% for the lateral direction. For the vertical direction these differences

were 5.03%, 6.14% and 20.03%. Differences between numerical and experimental data

have origin in the fact that only the first eigenmode of the numerical model (individual

container) was a close to the real value measured in a previous experiment. For further

details read [44]. Thus authors remained extremely cautious about using the numerical

model in a wide frequency range. About the mechanical behavior: the system presents

different behavior for every direction. For lateral direction, the system presents a positive

effect depending on the frequency, i.e., an increase in frequency induces an increase in

the response. On the other hand, the vertical direction presents an opposite behavior: an

increase in frequency causes a decrease in the response observed in point 1. Both effects

are depicted in Figure 7.3.

7.1.2.3 Payload (7x1)

Experimental and numerical values (RMS) for the relative motion of point 1 for the loaded

cases presented in Figure 7.4 were 0.41 and 0.48, respectively, showing a difference of

18.21%. This difference ranges from 15% to 20% for all cases performed. Authors believe

that differences in construction for the numerical model are responsible for such differences

in RMS. Experiments involving loads employed sand bags fixed to each container floor

using cargo belts, while their simulation counterparts, weight was added to the geometrical

center. Consequently, both configurations will induce a complete different distribution

of moments over the system, increasing differences between experimental and numerical

results. Regarding the mechanical behavior: the inclusion of a payload in the stack affects

the system negatively, i.e., increase in the payload induced a decrease in the relative

motion in point 1, as can be observed in Figures 7.4a and 7.4b. It is important to

emphasize that this effect was observed in all experimental and numerical cases for the

frequency range studied. However, no study was conducted to analyze the system behavior

in frequencies higher than the ones used for the study cases, which could give additional

information about the system’s behavior. More about payload effect will be explored

shortly in section 8.1.

7.1.2.4 Base rotation (7x1)

Analyzing rotation of the base shows that the corresponding values for the experimental

data were 0.16, 0.35, 3.76 mm, for the lateral direction and 0.78, 0.35, 0.10 mm for the

vertical direction for angles of 0, 2 and 5 degrees, respectively. These measurements
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7.1 Seven-tiers Single Stack (7x1)

(a) Lateral response.

(b) Vertical response.

Figure 7.3: Frequency comparison (relative motion). Case: 7x1–6 mm–1 mm gap–5

degrees.
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7.1 Seven-tiers Single Stack (7x1)

(a) Experimental data.

(b) and numerical data.

Figure 7.4: Payload comparison (relative motion). Case: 7x1–6 mm–1 mm gap–0 degree.
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7.1 Seven-tiers Single Stack (7x1)

are consistent with the finite element prediction that were 0.19, 0.41, 3.95 mm for the

lateral direction and 0.75, 0.4, 0.11 mm for the vertical direction for the same frequency

range. Differences between experimental and numerical data were 18.35%, 15.58% and

4.96% for the lateral direction and 4.23%, 14.19% and 14.54% for the vertical direction.

About the mechanical behavior, rotation of the shaking table in the horizontal direction

results in a significant increase in the lateral amplitude observed in point 1 (Figure 7.5a),

which corroborates our understanding about the effect of this variable in the response.

Contrarily, the vertical direction response decreases with rotation (Figure 7.5b). Inclining

the container stack base favors the appearance of an extra lateral component of force

(gravity force) besides the driving force, which helps the system to exceed the friction

forces acting on the corner castings and consequently increase response.

7.1.2.5 Gap size (7x1)

Changes in the gap size induced the corresponding values (relative motion of point 1) for

the experimental data: 0.69 and 1.18 mm, for gap sizes of 1 and 2 mm, respectively. These

measurements are consistent with the finite element prediction that were 0.69 and 1.05

mm for the same gap size range. Differences between experimental and numerical data

were 0.03% and 10.67%. About the mechanical behavior it can be said that for the range

studied, an increase in gap size produces an increase in the response amplitude observed

in point 1, as can be observed in Figure 7.6 and 7.7. This is the most interesting finding

to emerge from this study. The implications of this finding will be explored in the context

applications and advice for the maritime transportation industry in section 8.1.

7.1.3 Discrepancies (7x1)

It is interesting to point out that results for small amplitudes in the experimental and

numerical analysis presented some discrepancies for most cases in this study. Such dis-

crepancies can be observed in Figure 7.2 for the amplitude of 2 mm. However, these

differences were expected because of many uncertainties and assumptions for the numer-

ical model. Additionally, the experimental data presented some experimental anomalies.

Regarding factors in the numerical model that contribute to differences between results,

it is important to emphasize the uncertainty regarding the twist locks’ vertical and shear

stiffness, small differences between the dynamical modes of the scaled and the numerical

model, and finally differences between vertical stiffness and geometric features of the nu-

merical model and the scaled container. Additionally, numerical model did not consider

contact and consequent friction between corner castings, which is a key point for the

lateral response of the stack.
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7.1 Seven-tiers Single Stack (7x1)

(a) Lateral response.

(b) Vertical response.

Figure 7.5: Rotation comparison (relative motion). Case: 7x1–4 mm–1 Hz–1 mm gap.

121



7.1 Seven-tiers Single Stack (7x1)

(a) 1 mm gap.

(b) 2 mm gap.

Figure 7.6: Gap size comparison (relative motion). Case: 7x1–2 Hz–0 degree–non loaded.
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7.1 Seven-tiers Single Stack (7x1)

(a) 1 mm gap.

(b) 2 mm gap.

Figure 7.7: Gap size comparison (relative motion). Case: 7x1–5 Hz–0 degree–non loaded

(there is no experimental data for 2 mm case).
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7.1 Seven-tiers Single Stack (7x1)

The source of error in the experimental data may have its origin in the experiments’

settings and is difficult to evaluate. As an example of experimental errors we observed

three phenomena in the experimental data: significant lateral motion for the zero-degree

cases, which is not observed in the numerical model, and pronounced bounce-back effect

in 0.5 and 1 Hz frequency cases. Theoretically, this lateral response should be insignificant

when compared to vertical response for the simple reason that there is no lateral com-

ponent of driving excitation applied in this direction whatsoever. However, a significant

response was measured in this direction as depicted in Figure 7.8. This intriguing lateral

response is attributed to misalignments during containers placement, camera reflexive

marker calibration and, as mentioned earlier small displacement amplitudes (2, 4 and 6

mm) applied to the system.

The second observation is that bounce-back effect is dependent on frequency because it

is caused by radial force added to the gap non-linearity. Contrary to what was observed

in the 2 and 5 Hz cases at low frequencies radial force is not the main component of

force behind the bounce-back effect because it is too small in comparison to gravitational

force acting on this system. Consequently, this effect should not be observed at 0.5 and

1 Hz. However, for low frequencies bounce-back effect was still present in numerical

(non-pronounced) and experimental (pronounced effect) cases. Please see Figures 7.9a

and 7.9b for details. Again these disparities are believed to have their origin in factors

mentioned in the previous paragraph. Thus, it is our understanding that numerical data

for this frequency range is more reliable than experimental data. Nonetheless, with rare

exceptions, most analysis of the container stack dynamics is concentrated in 2 and 5 Hz

cases.

The last observation regards the uncertainty regarding the driving frequency ampli-

tude. In all cases a significant difference was observed in the amplitude measured and the

theoretical amplitude that was expected to be applied in the system (Please refer to Fig-

ure 7.10a and 7.10b for details). These differences are attributed to the calibration of the

reflexive marker area in previous trials, which induced a margin of error between 20% and

30% for lateral and vertical directions in some cases studied. Additionally, the the choice

of very small values for the driving amplitude (2,4 and 6 mm) assisted the appearance of

such discrepancies. Although the study involved a scaled model, amplitude values for the

driving excitation should have been set in higher values to avoid this problem and even

facilitate the filtering process, as mentioned in section: 2.6.
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7.1 Seven-tiers Single Stack (7x1)

Figure 7.8: Local motion of point 1 in the lateral direction. Case: 7x1–6 mm–2 Hz–0

degree.

125



7.1 Seven-tiers Single Stack (7x1)

(a) Relative motion of point 1: frequency of 0.5 Hz, amplitude of 6 mm, no rotation, non-loaded.

(b) Relative motion of point 1: frequency of 1 Hz, amplitude of 6 mm, no rotation, non-loaded.

Figure 7.9: Discrepancies for the response observed in point 1 (7x1).
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7.1 Seven-tiers Single Stack (7x1)

(a) Lateral direction.

(b) Vertical direction.

Figure 7.10: Discrepancies for the driving excitation. Case: 7x1–6 mm–2 Hz–10 degrees.
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7.2 Seven-tiers Three Stacks (7x3)

7.2 Seven-tiers Three Stacks (7x3)

The study limited the analysis of displacement of a top corner of some individual contain-

ers. Furthermore, for means of comparison the highest container was used for evaluation

purposes. In other words, points 1, 4, 5, 10 and 11 were used to analyze the mechanical

behavior of the system. As mentioned in section 2.5, displacement-time response data

was analyzed using three techniques: time history, coefficients of Fourier expansion and

RMS value comparison.

7.2.1 Numerical Investigation: Finite Element Analysis (7x3)

A simplified 3-D finite element model of the system is as follows: twenty one scaled models

of a 20 ft ISO freight dry container, twist locks and shaking table arranged in three stacks

of seven-tiers. This model was developed using commercial software (Hypermesh 8.0,

Altair Engineering Inc., 1995-2006). Details of the model’s structure are presented in

section 5.1. Scaled models were considered as steel frames sections compounded of circular

and pipe beams (details of every profile are described in table 5.1). Numerical model is

depicted in Figure 7.11. Moreover, twist locks were modeled using the mathematical

relationship depicted in Figure 5.7.

Finally, the shaking table was considered a rigid body where the driving excitation

follows same conditions imposed in the experiments (see table 4.3). Damping for the

system was implemented using Rayleigh damping coefficients (see section 5.3.1) charac-

terizing the main difference between this model and the model used during the pilot study.

The numerical analysis was performed with a commercial finite element analysis pack-

age (Abaqus version 6.7, Dassault Systems), which accounts for geometry non-linearity

considering a dynamic study in an implicit integration scheme.

Additionally, contact between adjacent containers was emulate using non-linear springs,

placed on the corners castings considering only one degree of freedom (transversal/lateral

direction). These contact forces, were calibrated through simple comparison between

experimental and numerical data. The force elongation used for the contact forces is

depicted in Figure 5.15b.

7.2.2 Numerical Model Validation (7x3)

Regarding the 7x3 cases, corresponding values for the experimental data were 0.28, 0.76,

and 1.56 mm for the lateral direction, and 0.29, 0.36 and 0.46 mm for the vertical direction

for the rotations of 0, 2 and 10 degrees, respectively. These measurements are consistent

with some of the finite element prediction that were 0.0, 1.01 and 1.59 mm for the lateral
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7.2 Seven-tiers Three Stacks (7x3)
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Figure 7.11: Finite element model of the seven-tier three stacks case (7x3).

direction and 0.29, 0.38 and 0.48 mm for the vertical direction for the respective rotation

range. Differences between experimental and numerical data were 100%, 34.19% and

1.83% for the lateral direction. For the vertical direction these differences were 2.06%,

7.66% and 4.77%. Differences between each case can be clearly identified from time history

comparison depicted in Figures 7.13, 7.14 and 7.15 for lateral and vertical responses.

Excluding the first case that presented a significant lateral component that is not

present in the numerical model, differences between numerical and experimental results

for the lateral and vertical direction are quite satisfactory. Lateral response discrepancy

for the experimental data will be discussed in section 7.2.3. Regarding the effect of the

only variable used for the 7x3 cases, rotation of the shaking table did not produced

anything new. Lateral component of the response presents significant increase in point 1

(Figure 7.12a), which corroborates our understanding about the effect of this variable in

the response. Inclining the container stack base favors the appearance of an extra lateral

component of force (gravity force) besides the driving force, which helps the system to

exceed the friction forces acting on the corner castings and consequently increase response.

Following the same tendency, the vertical direction response increases with rotation also

(Figure 7.12b).

7.2.3 Discrepancies (7x3)

Because of small sample size for the 7x3 study, it is impossible to perform an error esti-

mative like it was conducted for the 7x1 cases. However, for the amplitude of the driving

excitation some comments are necessary. In all cases a significant difference was observed

in the amplitude measured and the theoretical amplitude that was expected to be applied

in the system (Please refer to Figure 7.16a and 7.16b for details). These differences are
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(a) Lateral response of point 1.

0

0.1

0.2

0.3

0.4

0.5

0.6

0 2 4 6 8 10 12

A
m

pl
it

ud
e 

of
 r

es
po

ns
e 

fo
r 

po
in

t 1
 [

m
m

]

Rotation [degrees]

Experimental

Numerical

(b) Vertical response of point 1.

Figure 7.12: Rotation effect using RMS value comparison (relative motion). Case: 7x3–6

mm–2 Hz–1 mm gap–non loaded.
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(a) Vertical response of point 1.
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(b) Vertical response of point 5.

Figure 7.13: Comparison of numerical and experimental data (relative motion–7x3). Case:

7x3–6 mm–2 Hz–1 mm gap–0 degree–non loaded.
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(a) Lateral response.
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(b) Vertical response.

Figure 7.14: Comparison of numerical and experimental data (relative motion). Case:

7x3–6 mm–2 Hz–1 mm gap–2 degrees–non loaded.
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(a) Lateral response.
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(b) Vertical response.

Figure 7.15: Comparison of numerical and experimental data (relative motion). Case:

7x3–6 mm–2 Hz–10 degrees–1 mm gap–non loaded.
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7.2 Seven-tiers Three Stacks (7x3)

attributed to the calibration of the reflexive marker area in previous trials and misalign-

ments in the stack, which induced a margin of error around 20% for lateral and vertical

directions in all the three cases studied. Additionally, in the case where lateral component

is not supposed to be present a significant lateral response was measured, as can be seen

in Figures 7.17a and 7.17b. Again this discrepancy is attributed to misalignments in the

stack, which induce a lateral motion. Furthermore, contact between corner castings can

move the contacting surfaces because of reaction which also can contribute for the lateral

component.
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(a) Lateral direction.
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Figure 7.16: Driving excitation discrepancy. Case: 7x3–6 mm–2 Hz–1 mm gap–0 degree–

non loaded.
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Figure 7.17: Lateral displacement discrepancy. Case: 7x3–6 mm–2 Hz–1 mm gap–0

degree–non loaded.
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Chapter 8

Simulation Results and Discussion

For the last section of this dissertation, numerical simulation was employed to identify

important points in the container stack dynamics through input variables that it will be

explained in each pertinent section. All of them are natural variables that are encountered

during maritime transportation. Additionally, in order to evaluate the effect of changes

in these input variables a more practical output variable is needed. Consequently, is the

author intuition that force on the bottom twist locks (nonlinear springs) is a perfect choice.

The reasoning behind is clear: securing systems, in particular, twist locks are responsible

for container safety and the biggest contributor to the nonlinear behavior of container

stacks. However, anything or near anything is known about its dynamical behavior during

extreme conditions. In this panorama, monitoring its response to external excitation is a

crucial step towards understanding the complex mechanisms behind containers securing

systems failure.

Furthermore, this section will present some advice, based on numerical analysis, on

how to minimize the effect of the variables on the bottom twist lock force using some

simple measures that it will be addressed in the next section. In general, these measures

are ordered according to its simplicity, i.e., the simpler they are, the further they will be

introduced and discussed.

8.1 Predictions and Advice (7x1)

Two single changes in the system would have great effect in the response and force expe-

rienced in the bottom twist lock: a decrease of twist lock gap size and the inclusion of a

damper among corner castings. Both measures will be explored in this section and in the

next section as well.
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8.1 Predictions and Advice (7x1)

8.1.1 Gap Effect on Heaving

A simple geometrical change in twist lock features would affect the response and the

force greatly: decreasing gap size has as effect a significant decrease in the response and

force, as can be seen in Figures 8.1a, 8.1b and 8.3a. This is a promising alternative

to minimize the system’s response and consequently force experienced by the twist locks.

Even though changes in this variable have little tolerance for adjustment in real situations,

it is something that should be considered because of its simplicity. It is important to

emphasize that this variable has no correlation to frequency, i.e., changes in frequency do

not affect the output of changes in gap size. This is one of the most important findings

to emerge from this study. Considering the fact that container ships present different

frequency ranges for every motion (pitching, rolling, heaving, etc.) this variable must

be explored as a solution. As mentioned earlier the main limitation lies in the fact that

changes in this variable can retard or even impair the linking process that actually is quite

simple.

8.1.2 Damper Effect on Heaving

Another approach that can be used to decrease the dynamic response of the system is to

incorporate energy dissipating mechanisms into it[23]. This can be achieved by various

methods, e.g., high damping elastomeric bearings, lead plugs in elastomeric bearings, mild

steel dampers, fluid viscous dampers, and friction in sliding. For a review about these

systems please refer to Buckle [14], Kelly [42] and Soong [74]. In our case, the second

change that was implemented was the inclusion of a viscous damper (velocity-dependent)

in twist locks’ original geometry. This is a relatively simple change in just one of the linking

components. This change presents a significant decrease in response, an effect depicted

in Figures 8.2a, 8.2b and 8.3b. However, the authors have no knowledge about the

feasibility of this change, which could impact companies’ costs and bring uncertainty about

operational time. Additionally, some authors like Hanson [33] and Kelly [43] adverted that

increasing the viscous damping has a significant effect on the dynamic response of the

system only when the excitation frequency is nearly the same as the natural frequency

of the system or within a 20% range from this value. In other words, effectiveness of

dampers are highly frequency dependent, which can be another important limitation

for practical applications, keeping in mind that ship’s motion, even when coupled, have

distinct frequencies ranges.
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8.1 Predictions and Advice (7x1)

(a) 2 Hz (relative motion).

(b) 5 Hz (relative motion).

Figure 8.1: Effect of decreasing the gap size on heaving. Case: 7x1–6 mm–1 mm gap–0

degree–non loaded.
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8.1 Predictions and Advice (7x1)

(a) Frequency 2 Hz.

(b) Frequency 5 Hz.

Figure 8.2: Effectiveness of dampers–Dashpot effect. Case: 7x1–6 mm–1 mm gap–0

degree–non loaded.
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8.1 Predictions and Advice (7x1)

(a) Gap effect.

(b) Damper effect.

Figure 8.3: Changes in force caused by decrease in gap size and inclusion of a damper.

Case: 7x1–6 mm–2 Hz–1 mm gap–0 degree–non loaded.
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8.1.3 Payload Effect on Heaving

Besides these two changes, another two simple measures can be employed: changes in

container stiffness and proper payload distribution. Although the concept is not new, it

is important to emphasize that proper payload distribution is important to keep the stack

response to a minimum. As can be observed in Figure 8.4, the allocation of a container at

its full capability affects greatly the relative motion of point 1 and the force in the bottom

twist lock. From the same figure it can be seen also that the higher the position of a fully

loaded container in the stack, the higher the response, which can contribute greatly to

the stress experienced by the whole securing system. Another factor to be emphasize is

the fact that the force experienced by the bottom twist lock becomes non-linear with the

raise of the payload in the stack, i.e., the higher the position of the payload, the higher the

non-linearity observed. This phenomenon is observed in Figure 8.4b, and it is attributed

to the gap. This is another interesting finding to emerge in the study: non-linearities

observed seem to have a relation with payload distribution in the stack. Furthermore, a

poor payload distribution can affect the ship’s stability, so it is important to maintain the

heaviest containers in low tiers.

8.1.4 Stiffness Effect on Heaving

Changes in container stiffness must be addressed with extreme caution. Normal and

transverse forces induced by a ship’s motion and wind loads in a container stack have

their effects minimized through two physical phenomena: resistance from the lashing

system, and absorption from the container structure itself. Additionally, the fact that the

front and back of a container have different stiffness contributes to increase the complexity

of the problem. In general, the open end (back) is more elastic than the closed end (back),

which obligates calculations to be performed for door and front ends. Thus, to decrease

the complexity of the problem, stage lashing system will not be taken into account for

this analysis. The study will concentrate on the effect of changes in stiffness of the

closed end for an inclined case (10 degrees), which it will naturally present both normal

and transverse components. This side was chosen because the highest racking loads are

located here due to its more rigid structure.

This study has found that changes in a structure stiffness has a direct impact in the

structural response and force, as can be observed in Figures 8.5, 8.6 and 8.7. However,

the system responds distinctly to increases and decreases in racking stiffness (Please refer

to Figures 8.6a and 8.6b). In other words, an increase in the racking stiffness seems to

have an effect on the response for both directions. However, decrease has a very limited

effect.
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(a) Displacement of point 1 (relative motion).

(b) Force on the bottom twist lock.

Figure 8.4: Effect of payload position in the tiers. Case: 7x1–6 mm–2 Hz–1 mm gap–0

degree.
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8.1 Predictions and Advice (7x1)

Considering increase: for the lateral direction, an increase in stiffness causes a decrease

in the response (17%). At the same time an increase is observed in the RMS value for

the force (12.5%) of the bottom twist lock. However, this case still presents maximum

values close to the standard stiffness case. On the other hand, for the vertical direction,

an increase in stiffness has a positive effect in the response, i.e., it induces an increase in

the response (38%). For the the force the effect is similar: the increase in stiffness caused

an increase of 5.07%. Although these findings are interesting, the findings should be used

with extreme caution because the structure behaves differently for each direction. It is

well known that the stiffer the container, the greater the load absorbed by it as pointed

out by [27]. Thus, a more rigid container would induce a higher load absorption, which can

lead the structure to a process of mechanical failure earlier than expected. Moreover, the

vertical direction presented an increase in the response, which would necessarily require

a redesign of the other elements in the securing system. Such changes would represent a

considerable cost and time for companies.

Regarding decrease: for the lateral direction, a decrease in stiffness produced no sig-

nificant effect on the response (less than 1%). The same was observed for the response in

the vertical direction (3%). Force components for lateral and vertical directions were non-

significant also: 1% and 1.1%, respectively. Consequently, the results of this investigation

show that changes in the container standard structural stiffness would not contribute

solving the problem of container loss. These results should not be considered separately,

but rather as part of a more complex study involving more securing components (lashing

bars).
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Figure 8.5: Effect of changes in racking stiffness on the relative motion of point 1 (time

history comparison). Case: 7x1–6 mm–2 Hz–10 degrees–non loaded.
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Figure 8.6: Effect of changes in racking stiffness on the relative motion of point 1 (RMS

value comparison). Case: 7x1–6 mm–2 Hz–1 mm gap–10 degrees–non loaded.
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8.1 Predictions and Advice (7x1)

(a) Lateral component.

(b) and vertical component.

Figure 8.7: Effect of changes in racking stiffness on twist lock’s force. Case: 7x1–6mm–2

Hz–1 mm gap–10 degrees–non loaded.
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8.2 Predictions and Advice (7x3)

8.2.1 Pitching

Numerical analysis of the 7x3 system subject to a pitching motion was performed using

a model described in the section 7.2.1 and graphically represented in Figure 7.11. As

boundary conditions a sinusoidal angular velocity was applied to the base of this system

with frequency and amplitude following conditions described in table 8.1. This angular

velocity is restrained to the plane x-z. As input variables, two natural parameters were

chosen: angular frequency or pitching frequency and gap size.

Table 8.1: Driving excitation conditions for the pitching cases

Amplitude [degrees] 4

Frequency [Hz] 0.2 0.1 0.08

Gap [mm] 0 1 2

8.2.1.1 Pitching Frequency

Pitching of a vessel generate upward and downward acceleration forces directed tangen-

tially to the direction of rotation. Physically these forces are dependent on the distance

from the pitching axis and the period of the rotation. In fact, this force is directly propor-

tional to the pitching axis distance. Additionally, these forces are inversely proportional

to the square of the pitching period. Thus for the effect of changes in the pitching period

a similar physical behavior is expected for the forces on the bottom twist lock. This trend

can be observed in Figure 8.8.

8.2.1.2 Gap Effect on Pitching

Gap is the responsible for the biggest non-linearities observed in the model. Its effects,

in the cases studied, was more influential on the dynamical response than the contact

forces among stacks. Observing Figure 8.9a is easy to notice that gap size is a dominant

factor in the force experienced by the bottom twist lock. The bigger this size, the higher

the values of force are observed on it. This is an interesting finding, with easy physical

applications aiming to decrease the values of the peaks observed: just a matter of geo-

metrically changing this gap size in the real twist lock. To have a quantitative idea about

the effect of this variable, a decrease of around 1.3% was observed by just decreasing gap

size.
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Figure 8.8: Effect of changes in pitching period on twist lock’s force (RMS value). Case:

7x3–4 degrees.

8.2.1.3 Damper Effect on Pitching

Second, even not so pronounced like the gap effect, an inclusion of a damper provides

a reduction in the maximum values of the force experienced by the bottom twist lock.

Again that is a finding with direct practical application and is completely feasible. The

effect of a damper is depicted in Figure 8.9b. In terms of reduction, a decrease of around

5% was observed by the inclusion of a damper element.

8.2.2 Rolling

A numerical analysis of the 7x3 system subject to a rolling motion was performed using

a model described in the section 7.2.1 and graphically represented in Figure 7.11. As

boundary conditions a sinusoidal angular velocity was applied to the base of this system

with frequency and amplitude following conditions described in table 8.2. This angular

velocity is restrained to the plane y-z. As input variables, three natural parameters were

chosen: maximum amplitude angle or maximum rolling amplitude, angular frequency or

rolling frequency and gap size.
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(b) Effectiveness of dampers on pitching.

Figure 8.9: Effect of gap size and damper inclusion (pitching). Case: 7x3–0.2 Hz–4

degrees.
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Table 8.2: Driving excitation conditions for the rolling cases

Amplitude [degrees] 10 15 20 25 35

Frequency [Hz] 0.5 0.25 0.05 0.04

Gap [mm] 0 1 2

8.2.2.1 Rolling Amplitude

Naturally, amplitude affects the system in a manner proportional to its magnitude, i.e., an

increase in the amplitude of the driving excitation induces a direct proportional increase

in the force experienced by the bottom twist lock. For example the 0.05 Hz case: the

corresponding values for the twist lock’s force peak were 1220.53, 1579.30, 2247.68 and

10404.00 N , for the rolling amplitudes of 10, 15, 20 and 35 degrees, respectively. All cases

simulated presented consistency in this trend, i.e., presented an response proportional to

the rolling amplitude. The overall behavior can be inferred from table 8.3. Furthermore,

the trend can be visualized in Figures 8.10a and 8.10b using a time history plot, or Figures

8.11a and 8.11b through a peak value plot.

Table 8.3: Values of force obtained from rolling simulation

Rolling frequency [Hz]

0.04 0.05 0.25 0.5

Rolling amplitude [degrees] Force [N]

10 777.06 1220.53 1730.21 2204.60

15 1384.93 1579.30 2348.60 3435.28

20 9996.61 2247.68 2859.34 6184.34

35 10316.00 10404.00 10411.45 10423.90

8.2.2.2 Rolling Frequency

Following the physical behavior of pitching, rolling of a vessel generate upward and down-

ward acceleration forces directed tangentially to the direction of rotation. Physically these

forces are dependent on the distance from the rolling axis and the period of the rotation.

In fact, this force is directly proportional to the rolling axis distance. Additionally, these

forces are inversely proportional to the square of the rolling period. Thus for the effect of

changes in frequency a similar physical behavior is expected for the forces on the bottom

twist lock. This trend can be observed in Figure 8.12.
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Figure 8.10: Rolling amplitude effect on twist lock’s force (Time history comparison).
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Figure 8.11: Rolling amplitude effect on twist lock’s force (Peak value comparison).
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Figure 8.12: Effect of changes in rolling period on twist lock’s force (RMS value).
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8.2.2.3 Gap Effect on Rolling

Following what was observed for pitching, gap is the responsible for the biggest non-

linearities observed in the model for rolling, showing similar trends. Its effects, in the

cases studied, was more influential on the dynamic response than the contact forces among

stacks. Observing Figures 8.13 is easy to notice that gap size is a dominant factor in the

force experienced by the bottom twist lock. Like pitching, the bigger this size, the higher

the values of force are observed on the twist lock. To have a quantitative idea about the

effect of this variable, using RMS values comparison, a decrease of around 54% for the

first (Figure 8.13a), and 25% for the second case (Figure 8.13b) were observed by just

decreasing gap size by half. It is interesting to emphasize that changes in gap size have

effect in all excitations tested for the range of this study.

8.2.2.4 Damper Effect on Rolling

Following what was observed for the gap effect, an inclusion of a damper provides a

reduction in the maximum values of the force experienced by the bottom twist lock.

Again this is a finding with direct practical application for the industry. However, author

is not sure about its feasibility. The effect of a damper is depicted in the Figure 8.15.

In terms of reduction, a decrease of around 43% for the first (Figure 8.14a), and 16%

for the second case (Figure 8.14b) were observed by the inclusion of a damper element.

Important to mention that the value of the damping coefficient (c) played an important

role in the force attenuation. For small values of c the attenuation was insignificant.

The effect observed in these figures was obtained considering a considerable high value

(c=1000 kg/s).

8.2.2.5 Joining Adjacent Corner Castings Effect on Rolling

Another alternative to decrease the energy transferred among stacks because of the impact

among them is to remove the pounding through decreasing lateral motion. An efficient

way to decrease that lateral motion, and consequently minimize the impact, is to join the

adjacent structures in critical locations so their motion can be in phase with one another.

This technique is not new, many researchers pointed out the advantages of this approach:

Kasai et al. [40], Abdullah et al. [1], Jankowski et al. [39], Ruangrassamee & Kawashima

[66], Kawashima & Shoji [41], Raheem [61] and Sharma [70]. However, up to now this

technique has being applied in seismology to mitigate the noxious effects of earthquakes.

For the rolling cases studied the decrease observed for the first case was 31% (Figure

8.15a), and 37% for the second case (Figure 8.15b).
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Figure 8.13: Effect of changes in gap size (rolling).
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Figure 8.14: Effectiveness of dampers (rolling).
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Figure 8.15: Effectiveness of joining adjacent stacks (rolling).
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8.3 Limitations of the Study

However, some limitations most be pointed out to qualify and fully understand the overall

results obtained from our approach. Some disadvantages involved:

• For the scaling stage of this study, the choice of specific parameters may lead to a

loss of a complete similarity, an idealized situation, that all scaling laws are satisfied

simultaneously. If this is the case, some authors refer to it as partial similarity, i.e,

a system where at least one of the similarity conditions cannot be satisfied [64]. The

consequences are a clear by-product of it: behavior amidst both systems may be

significantly different.

• Real containers during marine transportation are under the influences of many phys-

ical parameters that are sometimes difficult to emulate during experimentation, i.e.,

their number is so imposing imposing that is impractical to include all of them in an

experiment. Thus, the best choice is to selectively elect parameters that represent

dominant physical effects like the ones used for the experiments. However, some

important parameters were excluded in some stages , e.g., amplitude and frequency

(secondary importance) of driving excitation, payload and gap size for the 7x3 cases.

These exclusion limited greatly the qualification of the numerical model.

• 7x3 experimental study has only three cases, which obligates the author to be ex-

tremely cautious about the results from this system. In other words, correlation of

many variables could not be obtained experimentally, limiting the calibration of the

numerical model. Consequently, limiting the predictions that can be drawn from

this model.

• A crucial variable was omitted during the study of the 7x3 case: gap size. Together

with contact between adjacent stacks this variable is the source of the non-linearities

observed in the studies. Thus, should have been included in a larger variety of

experimental cases.

• Another variable that might contribute for the understanding of the dynamic behav-

ior of the container stacks is the payload. From the 7x1 cases data analysis it is clear

the payload influence on the response. However, it would be more interesting and

more realistic to perform experiments using this variable in the 7x3 configuration.

• In general, results and predictions from the numerical model are reasonable. How-

ever, for the low values of frequency disparities between experimental and numerical

data were too common. In this view, authors must be cautious and state that the

numerical model is valid for a bounded frequency range.
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8.3 Limitations of the Study

• Numerical model did not include contact, and consequently friction, for the corner

castings in the same stack. This exclusion may help the appearance of discrepancies

specially in cases where the container stack is tilted or under motions like pitching

and rolling.

• Ship’s motion simulated in this study considered an axis located in the inferior

portion of the rigid base. However for real ships this center of rotation is located

in the center of gravity. Main movements in the ship, like pitching and rolling,

have a strong influence from the distance from the rotation axis. Thus adjustment

of this distance is an important step to understand the container stack dynamics

completely.

• Movements were considered separately and not a combination like the ones encoun-

tered during maritime transportation. Because of the non-linearities presented in

the model one cannot assume that the linear superposition principle is valid for this

system and analyze each movement separately.

• The effectiveness of passive control like dampers is still difficult to prove and strongly

dependent on frequency, which brings the necessity of more studies.
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Chapter 9

Conclusions

9.1 Summary of Findings

This project was undertaken to investigate the fundamental mechanical behavior of a

container stack under controlled vibrational parameters and to provide advice from the

numerical-analysis based predictions. The study helped to elucidate some points regarding

the system’s fundamental mechanical behavior, where correlation of dynamic properties

depending on amplitude, frequency, base rotation, container load and twist lock gap size,

were obtained and used to calibrate and validate a numerical model. After this strenuous

validation, the scaled numerical model was used as a valid tool to simulate the behavior of

multi-stack configuration in some simple situations faced by containers during maritime

transportation. Among these situations some common forces exerted on the containers

were studied in detail: heaving, pitching and rolling, employing cases reported in the

literature. Additionally, the problem of how simple changes in basic variables affect force

in the bottom twist lock was addressed providing useful advice for the industry, trying

to maintain the problem complexity to a minimum. Undoubtedly, this is one of the

most significant findings to emerge from this study. In this panorama, it may contribute

significantly to the understanding of container stack dynamics, an area where intuition

and old standards are still preferred over more solid scientific principles.

It is well-known that the loss of containers on ocean-going ships can be reduced by

the following measures: practicable methods for determining the weight of containers ac-

curately, stowing cargo securely and safely in containers, lashing deck containers securely

on board the ship, making more use of weather information and route advisory services,

adjusting the course and speed of the ship to its loading condition and the weather sit-

uation, a wave radar that notifies the ship’s command of high waves at a long distance

and even at night and a system which in combination with a wave radar provides timely
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9.2 Answer to the Central Question of this Dissertation

warning of the danger of parametric rolling could likewise help to reduce losses. However,

the findings of this study suggest some extra courses of action to prevent container losses:

• Changing twist lock geometry, through a simple decrease in gap size is a good and

viable solution to decrease response,

• Inclusion of viscous damping elements in the twist lock geometry is another mea-

sure however this measure has a significant effect only when the driving excitation

frequency is within a margin of 20% around the natural frequency of the system,

• Changes in stiffness (increase) produce a significant effect in the response but are

not practicable and,

• Placing the heaviest container on the first tier is another factor that must be taken

into account.

9.2 Answer to the Central Question of this Disserta-

tion

Returning to the first question posed at the beginning of this investigation, whether or

not the dynamic effect or impact among stacks is an important phenomenon in container

stack dynamics, it is now possible to state, supported by enough body of evidence from

experimental and numerical data, that this phenomenon is non-negligible. The same can

be stated about the second question, whether or not the impact among stacks have an

important role in the dynamics of the system, it is non-negligible phenomenon. Experi-

mental and numerical evidence support my claim. The overall behavior of the container

stack dynamics can be classified as non-linear because of two sources: twist lock gap and

the impact among stacks. Therefore, the study has gone some way towards enhancing

our understanding of the container stacks dynamics.

To understand their weights in the overall behavior two extra simulations were ide-

alized. The main goal was to evaluate quantitatively their effects. Both simulation con-

sidered a single stack with distinct twist lock configurations: the first one neglects the

gap, and the second one includes the gap. The results, as shown in Figure 9.1, indicate

that gap size and impact are the main sources of the non-linearities observed for the sys-

tem. Furthermore, there is a significant positive correlation between both variables and

the force experienced by the bottom twist lock. The inclusion of a gap in the system
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9.3 Future Work

increased the force on the bottom twist lock by 69%. The other case simulated showed

that the impact among stacks represented an increase of 96% on that force.

The simulation cases tried to emulate an extreme case of parametric rolling reported

by France and colleagues [27] that victimized a container ship 1998. The conditions

resulted in a loss of 400 containers at sea. However, with a small number of cases studied,

caution must be applied, as the findings might not be transferable to all conditions faced

by the container stacks. In other words, it is possible to hypothesize that, for small

rolling amplitudes, these significant increases are less likely to occur. Although, one of

the issues that emerges from these findings is that the current standards to calculate the

fixings elements in the container stacks may not be appropriate keeping in mind that the

calculation of the current standards do not consider dynamical forces explicitly.

9.3 Future Work

• Analyze the response of other points, e.g. , points 2 and 3 in the 7x1 case and

points 2, 3, 6, 7, 8, and 9 in the 7x3 case. This kind of analysis can give important

information about how the stack tilts under the conditions used for the study. Ad-

ditionally, it can be an important step to validate the numerical model to simulate

racking of the stack.

• Important parameters were excluded in some stages , e.g., amplitude and frequency

of driving excitation, payload and gap size for the 7x3 cases. Such parameters are

an area where further studies are needed.

• Combinations of motions should be used as driving excitation for the numerical

cases and not motions individually.

• The use of base isolation systems seems to be an interesting approach to minimize

the problem of container loss.
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Figure 9.1: Quantification and identification of the sources of the system non-linearities.
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Appendix A

Full scale model

An initial simplified full scale model was build based on the information provided by

the International Organization For Standardization (ISO). Dimensions and ratings were

obtained from ISO668 [35] and structural stiffness information from ISO1496 [36]. The

parameters chosen to build the full scale model are identical to the ones were used to

build the scaled model from the Froude scaling laws. Namely:

• Dimensions: length, width and height

• Mass

• Moments of inertia

• Transversal racking stiffness of front (open) end frames

• Transversal racking stiffness of rear (closed) end frames

• Longitudinal racking stiffness

• Torsional stiffness

The full scale model presented good results for linear and non-linear cases as can be

seen in Figures A.1 and A.2. The ratio of the RMS values for the cases presented in these

figures are 64.14 and 64.02 for the linear and non-linear cases, which are close the the

theoretical value of 64.
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Figure A.1: Comparison of full and scaled model results (linear case).
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Figure A.2: Comparison of full and scaled model results (nonlinear case).
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Table A.1: Geometric scaling of the similitude parameters for the models considering a

20 ft container based on ISO [36]

Full-scale(20 ft) Numerical model

length[m] 6.058 6.058

External dimensions width[m] 2.438 2.438

heigth[m] 2.591 2.591

Mass [kg] 2330 2330

Ixx[kg/m2] 3765 3765

Moment of Inertia Iyy[kg/m2] 11830 11830

Izz[kg/m2] 11486 11486
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