ijhighschoolresearch.org

[JHSR

B RESEARCH ARTICLE

Using Biomimetics to Mimic Bamboo to Create a More Robust

and More Durable Material
Sean Jung

Punahou School, 1601 Punahou St, Honolulu, HI 96822, USA; seanminjung@gmail.com

Mentor: Dr. Jong Seol Jeong

ABSTRACT: Through biomimetics, numerous contraptions and inventions inspired by nature and its processes have
revolutionized the world. A quick pan around any room will reveal an abundance of cylindrical tubes or rods. Whether it is used
in construction equipment or holding up large, heavy structures, the sheer quantity of the cylindrical tube begs for improvement.
Nature's cylindrical tube is the bamboo plant. Bamboo plants are durable and have extreme structural and tensile strength. The
source of the bamboo's strength is a diaphragm or node. Three specimen types with varying frequencies and numbers of diaphragms
were synthesized and tested. We hypothesize that placing "diaphragms" in tubes would increase the structural strength of the
tube as a whole. We also hypothesize that more diaphragms would increase overall structural strength. Experiment results are
consistent with the hypothesis. There is a drastic difference in tensile and compressive strength between a tube with no diaphragm
and one with one. However, interestingly, adding more diagrams only increases the structural strength marginally. It is likely that,
like the bamboo plant, the perfect ratio of diaphragms is the strongest the tube could ever be.
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B Introduction

Since the dawn of human civilization, humans have been
constructing marvelous inventions and contraptions that have
benefited our species dramatically. Though we may credit
Leonardo DaVinci or Thomas Edison as the greatest inventors
of all time, mother nature is the most significant inventor.?
While we may have gone from the wheel to the Metaverse
in a couple of thousand years,® nature has constantly evolved
for billions of years. While humanity was in its infancy, nature
had built up billions of years of research and development that
natural selection coaxed out.*” This means scientists can look
back into nature to determine how we could copy and use it to
our advantage. We call this concept biomimetics.*’

According to the Oxford Dictionary, biomimicry is the
design and production of materials, structures, and systems
mimicking biological entities and processes. Though we may
not realize it, countless crucial inventions that improve our
lives daily are the outcome of what nature inspires.® During the
1990s in Japan, Japanese scientists and engineers were looking
to make their trains faster and more efficient. As it turned out,
speed came with one main problem: sound.” A deafening sonic
boom was heard throughout the surrounding areas when the
trains exited tunnels at high speeds.'®** Puzzled, one of the
Japanese scientists looked to nature to find the key. As the story
goes, while observing the Kingfisher bird hunt for fish in the
lake, the Japanese scientist was hit with a realization."® As he
observed, the Kingfisher bird could enter the water with little
sound not to scare its prey away. After several experiments, the
scientist found that the beak of the Kingfisher bird allowed it

to break the water's surface with minimal resistance. By apply-
ing the design of the Kingfisher bird’s beak onto a train, the
Japanese scientists found that the noise was drastically lower.™*
To this day, the bullet train glides at speeds up to 320 km/hour
(Figure 1).7

Figure 1: Using biomimicry in building and developing Japan's famous
bullet train.

Furthermore, in the case of military aircraft, speed is also
an essential factor. Though the Wright Brothers have been
up in the air hundreds of years ago, nature has been creating
aircraft of its own.'® The B-2 Stealth Bomber is a military
aircraft that mimics the world's fastest animal on earth: the
Peregrine Falcon.'” Similarities are apparent when comparing
the B-2 Stealth Bomber and the Peregrine Falcon side-by-side
comparison. The Stealth Bomber has a similar "head" shaped
portion near the cockpit, while its wings mirror those of a fully
extended Peregrine Falcon (Figure 2).'
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Figure 2: The United States military developed the Northrop Grumman
B-2 Spirit, or the Stealth Bomber, to mimic the fastest animal in the world:
the Peregrine Falcon.

Every day scientists search for new and inventive ways to
incorporate biomimicry into our lives."”?® Like any inventor
will say, however, the first step in solving a problem is identi-
fying that there is one in the first place. A quick scan around
any room will reveal that rods or bars are a big part of our
daily lives. Whether the bars holding up a table or the rods
holding up construction workers, cylindrical shapes are a cru-
cial part of daily living.?»?* With such an essential role in our
lives, it is evident that the safety of these bars is also necessary.
We professionally describe this bar shape as a cylindrical rod.
When manufacturing equipment, structural integrity is cru-
cial.”* This is especially true in scenarios where the health and
safety of people are at stake.?*** With this in mind, the ques-
tion is how the cylindrical rod could be improved in terms of
structural strength to benefit us.

The bamboo plant is the most remarkable example of a cy-
lindrical rod in nature. During the end of the second world
war, the United States had created a bomb so powerful that
they believed it could end the war that had claimed millions
of lives.*® Pushing closer and closer to the mainland of Ja-
pan, the United States military did not find evidence that the
Japanese were slowing down.>” With the permission of Presi-
dent Harry S. Truman, the U.S. detonated two atomic bombs
on Hiroshima and Nagasaki.”®?’ Though every free-standing
structure was obliterated, bamboo groves stood proud and tall.
Even through immense stress and pressure, the bamboo plant
withstood it all, which is no surprise, as bamboo is flexible.*® It
possesses an outer surface that is strong and dense, but as you
go in, the density gets lower but stays durable and enduring.*'
This is why it bends well and absorbs external force. Bamboo
is highly elastic and has a higher tensile strength than some
alloys.*” Bamboo has higher compressive strength than many
mixtures of concrete. For this very reason, people use bamboo
to assist construction workers in many countries in Asia, pri-
marily Southeast Asia.**3*

With this data in mind, using biomimicry, bamboo’s struc-
tural strength could be synthesized and applied to modern
science to create stronger, more durable materials. Bamboo
gets its unique strength from the “nodes” placed intricately

throughout its internal structure. These nodes are disc-

shaped. Scientists call these “diaphragms” (Figure 3).

Diaphragm

Outside the bamboo knuckle Inside the bamboo knuckle

Figure 3: Bamboo's external surface is hard and durable. On the outside of
the bamboo, there is a "knuckle." This knuckle bares a striking resemblance
to the human knuckle. On the internal surface of the bamboo, there is a disc
called the "diaphragm." This diaphragm is a circular node located on the
inner surface of the bamboo.

Based on the previous research,®?” this study examined

whether placing “diaphragms” in tubes would increase the
structural strength of the tube as a whole. With cylindrical
shapes so prevalent in our lives, this study contributes to the
research and development of everything, which includes rods
and tubes. From construction equipment to pull-up bars to
NASA spacecraft,®® the structural integrity of such objects is
crucial to the safety of everyone around and using them. Fur-
thermore, we can save money and resources by making rods
more structurally strong without making solid rods, which can
lead to environmental and economic benefits.

Research Question and Hypothesis:

The research question asked is: "How could the structural
strength of a bar be improved by synthesizing the biomimic-
ry of bamboo?" We hypothesize that placing “diaphragms” in
tubes would increase the structural strength of the tube.*>*
It was further hypothesized that more diaphragms would in-
crease overall structural strength. More specifically, a tube with
three diaphragms would be more structurally stable than a
tube with one diaphragm and a tube without any diaphragm.
Furthermore, by the same logic, the tube with one diaphragm
would be more robust than a tube without any diaphragm.

B Methods

Study Sites:

We collected data from the experiment performed at the
Seoul National University of Science and Technology research
laboratory. We chose this location due to its access to the IN-
STRON tensile, compression, fatigue, impact, rheology, and
structural testing machine (Figure 4).
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Figure 4: The INTRON 4467 machine performing the three-point
bending test.

Experimental Design:

Using the INSTRON tensile, compression, fatigue, impact,
rheology, and structural testing machine, a "three-point bend-
ing test" was performed.** The "three-point bending test" is
designed to test the structural strength of a given specimen. As
two pillars held up the specimen, a third pillar was lowered into
the middle, adding weight to the tube until it fractured. We re-
fer to the two pillars that held up the specimen as "supporting
anvils" and refer to the third as the "load anvil" (Figures 5 and
6). Using the "three-point bending test," both compressive and
tensile stresses were measured. As the INSTRON 4467 loaded
on weight via the "load anvil," the structural strength was re-

corded and collected (Figure 5).

Test schematic

Load Anvil

Specimens

Support Span

Support Anvil Support Anvil

Support span = 200mm

Figure 5: Inner workings of the three-point bending test.#

Notice
All dimensions are in millimeter

Figure 6: The load and support anvils of the INSTRON 4467 Tensile
Testing machine are identical and contain a 'divot’ in the center where we

locate the specimen. The 'divot' is made for the specimen to fit precisely for
the threepoint bending test.

SECTION"A"-"A"

SUPPORT SUPPORT

Figure 7: The three-point bending test shows two types of stress on the
specimen. On the lower side of the specimen, tensile stress (obt) occurs,
while compressive stress (abc) occurs on the upper side. Tensile stress is the
stress that causes the length of the specimen to increase, while compressive
stress is the stress that causes the length of the specimen to decrease.*s
Three types of specimens were developed and tested. We
made the body of each specimen out of a standard clear, plas-
tic, acrylic pipe (PMMA, Poly methyl methacrylate). We used
the same material to construct the diaphragms inside each
specimen. The three types of specimens vary in frequency
and distance of diaphragms - Type 00, Type B1, and Type B3.
While Type 00 is just a pipe with no diaphragm, Type B1 and
B3 contain one and three diaphragms, respectively. All pipes
are 250 mm in length and 20 mm in diameter. The internal
diameter of the pipes is 16 mm across. Type 00 is an empty
acrylic pipe 250 mm long (Figure 8). In Type B1, one singular
diaphragm in the center equidistant from the sides is located
precisely in the middle or 125 mm from each edge (Figure 9).
In Type B3, there are three diaphragms. One is directly in the
center, and two are 100 mm from the center (Figure 10). Each
diaphragm is 16 mm in height and 8 mm in length (Figure 11).
To reduce the effect of measurement errors on experiment re-
sults, we made five specimens for each type, thus, 15 specimens.

e

TYPE 00

Figure 8: Type 00 specimen design consists of an empty acrylic plastic tube
with no diaphragm. It is 250 mm in length and 20 mm in diameter. The

internal diameter of the pipe is 16 mm across.

5 I ey e

TYPE B1
Figure 9: Type B1 specimen design consists of an acrylic plastic tube with
one diaphragm. One singular diaphragm in the center equidistant from the
sides is located precisely in the middle or 125 mm from each edge. It is 250
mm in total length and 20 mm in diameter. The internal diameter of the
pipe is 16 mm across.

TYPE B3

Figure 10: Type B3 specimen design consists of an acrylic plastic tube with
one diaphragms. One is directly in the center, and two are 100 mm from the
center. It is 250 mm in total length and 20 mm in diameter. The internal
diameter of the pipe is 16 mm across.
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Figure 11: Each diaphragm is 16 mm in height and 8 mm in length..

WEe collected data from the testing device INSTRON 4467
(3 tons) at pressure speeds of 2 mm per minute. The support
span of the INSTRON 4467 is 200 mm. The lab's tempera-
ture at the time of testing was 27~29°C (80.6~84.2°F), with a
lab humidity of 62~64%.

B Results and Discussion

Results:

As mentioned, five specimens were made for each type —
TYPE 00, TYPE B1, and TYPE B3 to reduce measurement
errors in experimental results. Since we inserted one dia-
phragm for TYPE B1 and three diaphragms for TYPE B3,
specimens for TYPE B1 and TYPE B3 are heavier than those
for TYPEOO. We report these results in Table 2 below (column
entitled 'weight of tube').

The INSTRON 4467 machine produced data on the max-
imum force endured by each specimen in both kg (kilograms)
and N (newtons). We calculated the maximum tensile and
compressive stress values to test hypotheses using this data.
From the point where the load anvil touches each specimen,
we could identify each specimen's maximum compressive and
tensile stress points. The side of the load anvil is called the
maximum compressive stress point, and the opposite side is
called the maximum tensile stress point (in Figure 12).

Max. Compressive siress point

Load anvil

\ Max. Tensile stress point

Figure 12: The fracture point on the lower side of the specimen is called
the maximum tensile stress point. The point where the load anvil weighs on
the specimen is called the maximum compressive stress point.

The values for maximum bending moment, M, were first
needed to get the values of these stresses. To calculate M.y,
the following equation is used (in Figure 13).* We comput-
ed the maximum bending moment, My, by multiplying the
distance between the support anvil and the center of the spec-
imen (i.e., the half of the support span), or L/2, and load, the
pressure of load anvil (P). Since each half of the specimen ex-
periences half of the load (= P/2), M, = P/2°L/2 = P*L/4.
The bottom panel of Figure 13 graphically shows how P and
L are defined.

P*L
M"]Jt

RA RB

Figure 13: Equation to calculate maximum bending moment, M, *.

Mmax * y
I
I1=7(d§~df)

where do = specimen outside diameter and d = specimen inside diameter

Obt,Obc =

Figure 14: We show the equation to calculate the maximum tensile and
compressive stresses on the top.*” While both maximum tensile (o) and
compressive stresses (o,.) have the same magnitude, their signs are opposite

- the maximum tensile stress (o,,) has a positive value' and the compressive
stress (o,.) has a negative value. Finally, we show the formula to calculate the
moment of inertia (Ix) used in computing maximum tensile and compressive
stresses on the bottom.

Then, as shown in Figure 14, both maximum tensile and
compressive stresses are computed by multiplying the maxi-
mum bending moment (M,,,) and the coordinate from the
center of the specimen (y) divided by the moment of inertia
(Ix). Since all specimens are identical in length and location in
the testing machine, by experimental design, y should be the
same for all types of specimens. While the value of Ix should
be different theoretically for each type due to the existence and
frequency of diaphragms, the difference in Ix between types
is statistically insignificant in this experiment, potentially due
to the nature of the material for specimens (i.e., plastic). In
addition, the difference is too small to be detected by the test-
ing machine. Thus, we assume that those values are the same
for all types. Therefore, according to the equation below, since
the coordinate from the center of the specimen (y) and the
moment of inertia (Ix) remain the same for all the types, as
the maximum bending moment (M,,,), the numerator of the
equation increases, the maximum tensile (0y,) and compressive
stresses (Op,) increase.

Figure 14 shows how to calculate the moment of inertia
(Ix) based on the formula.** As explained, the outside diam-
eter of the specimen is 20mm, and the inside diameter of the
specimen is 16mm. Pi is simplified to be 3.14. Plugging these
numbers in the equation, the value of inertia (Ix) is 4,636.91
throughout all specimens in the experiment. We used this
value when calculating the maximum tensile (0},;) and com-
pressive stresses (Op).

Table 1 below shows how to calculate the maximum bending
moment and maximum tensile and compressive stresses based
on results obtained from the experiment for the TYPE 00 -
specimen without a diaphragm. For the value, P, also known as
the maximum load, the average maximum load of all five Type
00 specimens is used in the units Newton (= the absolute unit
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of force in the International System of Units), which is 683.2
L (= support span), y (= the coordinate from the center of the
specimen), and Ix (= the moment of inertia), remain the same
for all the types. In this example, we plugged 200.0 for L, 10.0
for y, and 4,636.9 for Ix, respectively, in the equations to com-
pute the maximum bending moment and maximum tensile
and compressive stresses. After computations, 34,160.0 N.mm
and 73.7 MPa were obtained for maximum bending moment
and maximum tensile and compressive stresses, respectively, for
Type 00 (specimen without a diaphragm).

Table 1: Example calculating maximum bending moment and maximum
tensile and compressive stresses for TYPE 00.

1. Design Data
1) Load P
2) Support Span L
3) Tensile Strength of PMMA o
4) Specimens Out Dia. D
5) Specimens In Dia.

660.0 N =
200.0 mm
71.0 MPa =
200 mm
16.0
10.0

4,636.9
3300 N =

674 kg

7239  kglem?

mm
6) 2nd Moment of Area(lx) mm#

7) Reaction force Ra= Rs

337 kg

2. Moment
1) Maximum Bending Moment

__P*L__ 660.0'200.0 _

Mmax = ———— = 22222 o

33,000.0
4 4

N-mm
3. Stress

1) Maximum Tensile & Compressive Stress (obt, Obe)

owave = —Mme'y 33,000.0*10.0 _
i I 4,636.9

In the same way, we computed the values for the maxi-
mum bending moment and maximum tensile and compressive
stresses of all types of specimens. As explained, since support
span (= L), the coordinate from the center of the specimen (=
y), and the moment of inertia (= Ix) are constant for all types, P
(maximum load) determines the values of maximum bending
moment and maximum tensile and compressive stresses. For
Type B1, the testing machine generated the value of 908.5 N,
on average, for P (= maximum load). For Type B3, the value of
P is 923.5 N. Table 2 summarizes all the results based on the
above equations.

Table 2: Data to calculate the values of all types' maximum bending
moment and maximum tensile and compressive stresses.

) ) Average ) Average  Weight of
Typg  Specimen Maximum - TEROC Maximum o iEROR spsé’ime,. (MM y(MM)  Mus  Gne(MPa)
number  load (ka) ooy load (N) Tt o
00-01 70 686.47 34.355
00-02 75 736.50 34.454
0003 64 60.7 627.63 683.2 32724 46369 10 4 737
TYPE 00 59.8
00-04 65 637.43 32.862
00-05 74 725.69 34.390
- : Average ] Average  Weight of
TYPE 5'?3:"2‘:(" “":’:’;‘é’;‘ maimom "f::(',";;';‘ maximom spegmen (MM y(MM)  Mne  One(MPa)
load (kg) load (N) )
B1-01 88.27 865.63 36.131
B1-03 89.31 875.83 35,997
B1-04 95.03 926 931.93 908.5 36005 463699 10 424 980
TYPEB1  B1-05 9358 917.71 35.659 -
B1-06 98.82 969.09 36.046
- ) Average ] Average  Weight of
Type  Specimen ﬁ:’:’;‘é’;‘ meimem "f::é";;’;‘ mamim  speqmen W) (M) Mese  GrMPR)
load (kg) load (N) ()
B3-01 91.89 90113 39.920
B3-02 96.24 943.79 39.633
B3-03 9439 94.2 92565 9235 30807 463699 10 481 906
TYPE B3 76.2
B3-04 102.12 1001.46 39.627
B3-05 87.22 855.34 39.385

Results in Table 2 show that the average maximum load for
TYPE 00 is 69.7kg or 683.2 N (Newton). Consistent with the
hypothesis, the results show that the average maximum load
for TYPE B1 is much higher than that for TYPE 00. Since the
maximum load is the most critical determinant of both maxi-
mum bending moment and maximum tensile and compressive
stresses, and the higher maximum load indicates structural

strength, these results support the hypothesis. Specifically, the
average maximum load based on five specimens of TYPE B1
is 92.6kg, which increases by 32.9% (= (92.6 — 69.7)/69.7, or
908.5 N, which increases by 33% (= (908.5 - 683.2)/683.2),
compared to TYPE 00. This increase of approximately 33% in
the average maximum load appears meaningful. Furthermore,
the average maximum load for TYPE B3 is 94.2 kg or 923.5 N,
which is higher than those for both TYPE 00 and TYPE B1.
However, the increase in the average maximum load for TYPE
B3, relative to TYPE B1, seems to be marginal, considering
that TYPE B3 has three diaphragms while TYPE B1 has only
one diaphragm.

More importantly, we found similar results when comparing
maximum bending moment (M) and maximum tensile and
compressive stresses (O (IMPa)) among specimens of three
types. Specifically, maximum tensile and compressive stresses
(Omax(MPa)) for TYPE B1 increase by 33% relative to TYPE
00. Maximum tensile and compressive stresses ((Opqa (M-
Pa)) for TYPE B3 are increased by 35.2% relative to TYPE
00. Again, the difference in maximum tensile and compres-
sive stresses ((Opp.x(MPa)) between TYPE B1 and TYPE B3
do not appear significant. Inferences based on the maximum
bending moment (M,,,,) are similar.

The fracture points for each type of specimen were also
examined since this examination may corroborate inferences
from Table 2. Figure 15 contains photos of the fracture points
for each type. It becomes apparent that the fracture in the
specimen of TYPE 00 is the most severe (on the left side of
Figure 15). On the contrary, the fractures of both TYPE B1
and TYPE B3 are not as severe (on the middle and the right
sides of Figure 15).

Figure 15: The fracture points for each type are different. The fracture in
TYPE 00 is the most severe. On the contrary, the fractures of both TYPE
B1 and TYPE B3 are not as severe.

m Discussion

Interestingly, there is no significant improvement in struc-
tural integrity from one diaphragm to three diaphragms. We
like to explore why this is the case further. Structural integ-
rity should increase with more diaphragms, but the marginal
increases from adding more diaphragms may decrease. One
plausible reason for these results may be the length of the
specimen. Due to the size of the INSTRON 4467 Tensile
Tester device, the maximum length of each specimen was 250
mm. In the future, we would like to test the effect of length
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on each specimen variation's tensile strength and durabili-
ty. Increasing the length proportionately to the number of
diaphragms in a specimen would generate more consistent
results with the hypothesis - more diaphragms increase the
structural strength proportionately. Looking back into nature,
we see that bamboo follows a similar pattern. As it grows,
bamboo stays consistent with the length between each di-
aphragm. Mimicking nature in that way may yield a more
favorable outcome toward the hypothesis. At the same time,
these results provide intriguing implications - simply adding
more diaphragms does not significantly improve the struc-
tural strength.

Considering the cost of diaphragms, finding an optimal
number of diaphragms in the given length is essential. To
address this, we plan to design and develop fourth and fifth
types of specimens, namely Type B4 and Type B5. Type B4
has four diaphragms with an even spread of diaphragms in
a tube. Type B5 contains five diaphragms, and in this type,
we will add two more diaphragms to the end of each side of
Type B3 (specimen with three diaphragms). Testing hypoth-
eses with these new types of specimens will shed more light
on this research question.

We made each specimen out of acrylic plastic tubing due
to the budget and manufacturing difficulties when this proj-
ect started. In the future, we also like to test metal's tensile
strength and structural integrity instead of plastic. Since we
make most cylindrical tubes used in real life out of metal,
these results would yield a more valuable diagnosis of the ef-
fect of diaphragms. Testing whether what we found with the
plastic tubes is also applied to metal would be very intriguing.
Considering that metal is already strong, it is also possible
that the results - more diaphragms improve the strength of
plastic tubes - may not exist with metal.

To mimic bamboo more closely, we also like to create more
similar diaphragms to the ones in real life. For example, when
splitting bamboo down the middle, one can observe that the
diaphragms of bamboo are not entirely straight and perpen-
dicular to the cylindrical tube. In the future, we would like
to design a specimen that more closely mimics the angle
and shape of natural bamboo (Figure 3). In addition, on the
outside of the bamboo plant, there is a "knuckle": a thicker
portion of the plant in the diaphragms' external surface. We
also want to mimic this knuckle and test how much strength
this knuckle can provide with diaphragms combined.

We also need to test whether a rod with diaphragms is
more robust (or equally strong) than a solid rod to compare
the tensile strength of specimens used in this project with
that of a solid rod. Again, this test could have substantial re-
al-world implications. For example, we can make rods with
less material but more or similar structural strength. In that
case, they will require less money and resources, leading to
positive economic and environmental outcomes.

B Conclusion

This paper used biomimicry to improve the cylindrical
rod's structural strength. While we can see many solid cylin-
drical rods in real life, there are also many tube-type, empty
cylindrical rods. If we can make tube-type cylindrical rods

as strong as solid ones, we can reduce the material costs to
make solid cylindrical rods. Considering a recent supply
chain disruption in many natural resources due to Covid-19,
this research is critical and can significantly contribute to the
economy and society. In addition, by reducing materials to
make products of cylindrical rods, this research can also sig-
nificantly contribute to protecting our environment.

Natural characteristics of bamboo are adopted to make
empty cylindrical rods stronger. Bamboo is robust due to its
diaphragms. Thus, we are interested in how much adding di-
aphragms can increase the structural strength of empty tubes.
Therefore, we hypothesized that a tube with one diaphragm
would be more robust than that without one. We also hy-
pothesized that the more diaphragms a tube has, the greater
its structural strength is. To test this hypothesis, we made
three plastic tube types — a tube without a diaphragm, a tube
with one diaphragm, and a tube with three diaphragms and
five specimens for each type.

Consistent with the hypothesis, experiment results show
that adding diaphragms to an empty tube does improve the
structural integrity and tensile strength of a cylindrical tube.
However, interestingly, there are non-significant changes
in structural integrity between three diaphragms and one
diaphragm. Specifically, both TYPE B1 (i.e., a tube with
one diaphragm) and TYPE B3 (i.e., a tube with three dia-
phragms) are more robust than TYPE 00 (i.e., a tube without
a diaphragm). However, when comparing TYPE B1 and
TYPE B3, the difference is insignificant, based on average
maximum load and maximum tensile and compressive stress-
es. While the average maximum load for TYPE B3 is higher
than that for TYPE B1, the increase is only 1.7% (= (94.2-
92.6)/92.6). These results suggest a possibility that there is an
optimal number or ratio of diaphragms in the given length to
maximize the structural strength.
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