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Fire Resistance Required in 
Building Construction
Buildings are required to possess fire re-
sistance that conforms to the application 
purpose and scale of the building. Spe-
cifically, in an event of fire, the wall and 
floor slab applied as compartment ele-
ments are required to possess thermal 
insulation and fire integrity, and further 
the column, beam, floor slab and bear-
ing wall are required to possess appropri-
ate load-bearing capacity. Accordingly, it 
is general practice in steel-structure con-
struction to provide fire protection with 
columns and beams and to ensure fire re-
sistance. In Japan, fire protection is pro-
vided with the secondary beam that sup-
ports the floor slab. 

In fire resistance tests for deck com-
posite slabs designed as 1-way slabs, be-
cause of the precondition that the steel 
beam to support the slab is to be applied 
in a sound condition, a secondary beam 
is provided with fire protection. Mean-
while, in the floor slabs that support the 
load as 2-way slabs, as the deflection in-
creases, the membrane stress increas-
es, and as a result, the ultimate strength 
greatly surpasses the bending strength 
due to this membrane action. It is report-
ed in past experimental studies1)-4) that 
even when the floor slab was exposed to 
fire for 75~180 minutes, it continued to 
support the load.

Accordingly, in cases when the load 
bearing capacity of composite floor slabs 
during fire is assessed taking into ac-
count the membrane action, it is feasible 
to eliminate the application of fire pro-
tection for secondary beams. If an unpro-
tected secondary beam (beam with no fire 
protection covering) can be applied in 
steel-structure construction, great effects 
will be brought about such as reduced 
construction cost, enhanced freedom in 
design and reduced waste disposal at the 

stage of dismantling buildings.
In steel-structure construction in 

earthquake-prone Japan, moment frame 
structures are being increasingly applied 
in which the column is rigidly joined 
with the primary beam. Accordingly, in 
making designs that take into account 
the membrane action of the floor slab, 
it is required that the peripheral beams 

to support the floor slab, including the 
joint, are applied in a sound condition. 
In steel structures employing moment 
frames in Japan, because the rigid joint 
is applied for primary beam-end con-
nection, it is considered that designs can 
easily be made that take into account the 
membrane action of the floor slab.

Fig. 1 shows an assumed framing plan 
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Fig. 1 An Example of Framing Plans in the Case in Which Secondary 
          Beams (b1) Are Not Covered with Fire Protection
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for a standard floor in an example of the 
design of a steel-structure office build-
ing5). If the 11×6 m floor slab can sup-
port the load during fire by utilizing the 
membrane action, the secondary beam 
(fine dual lines; symbol: b1) shown in the 
framing plan is likely to be made unpro-
tected. In the figure, the primary beam 
located in the painted thick line serves as 
the vertical-direction supporting mem-
ber for the floor slab, and the floor slab 
surrounded by these supporting mem-
bers and the unprotected secondary beam 
work as one composite flooring system. 

Targeting such composite flooring 
systems, load-bearing fire test and nu-
merical analysis were conducted to ex-
amine the membrane action of reinforced 
concrete floor slabs during fire. In the 
succeeding Part 2 and Part 3 of the cur-
rent issue, part of the results of the exam-
inations of membrane actions obtained 
in the above-mentioned test and analysis 
are introduced. 

In Part 4, the fire resistant design of 
steel structures in Japan and its future de-
velopment are introduced as a final topic 
of this serial article.

Purpose of the Study of Fire Re-
sistance of RC Flooring Systems
In spaces where the fire range is restrict-
ed and the steel product temperature be-
comes low (for example, open-type mo-
bile parking lots, atrium spaces, space 

inside elevator shafts), there are cases 
in which unprotected steel members can 
be applied by conducting the fire resis-
tant design of the steel structure. Further, 
even in spaces where fully-developed 
fires may occur, if the use of fire pro-
tection for the secondary beams of steel 
structures can be eliminated, more ratio-
nal design becomes possible, and as a re-
sult the predominance of steel structures 
over other structural systems will grow. 

To attain this goal, it is necessary to 
conduct fire resistant design for steel 
structures that takes into account the 
membrane action of floor slabs during 
fire, and at the same time, it is also nec-
essary to accumulate basic data relating 
to such fire resistant design. 

With regard to past experimental stud-
ies of the membrane action of RC floor 
slabs in an event of fire, the compartment 
fire test conducted at a full-scale steel-
frame building of the Cardington Lab-
oratory in the UK in the 1990s is well 
known1). In the test, a composite floor-
ing system employing unprotected sec-
ondary beams and composite slabs was 
exposed to a fully-developed fire in an 
office space, but the system continued 
to support the load while being accom-
panied with large deformation. Further, 
it was explained by means of numerical 
analysis that this phenomenon is caused 
by the tensile membrane action of the 
floor slab6), based on which fire resistant 

design method for the composite floor-
ing system was proposed that takes into 
account this tensile membrane action7). 
Since then, many researchers have tack-
led this appealing research theme.

Meanwhile, it cannot be said that 
thorough experimental studies on the fire 
resistance of full-scale flooring systems 
have ever been made, as shown in Ta-
ble 1. This was due primarily to both the 
constraints on relevant experimental fa-
cilities and the cost.

In addition, any experimental study 
on the membrane action of floor slabs 
during fire had not been conducted until 
recently in Japan, and currently it is im-
possible to perform fire resistant design 
that takes into account the membrane ac-
tion during fire.

Given such a situation, in order to 
clarify behavior of composite flooring 
systems composed of flat RC slabs and 
deck composite slabs in an event of a 
fire, load-bearing fire test and numerical 
analysis were conducted for the compos-
ite flooring system. Because the test and 
analysis results particularly pertaining to 
the composite flooring system employ-
ing flat concrete floor slab and unprotect-
ed steel beam (beam with no fire protec-
tion covering) are less available in past 
experimental studies, the test and anal-
ysis were made for this type of compos-
ite flooring system in this experimental 
study, the results of which are introduced 

Table 1 Outline of Previous Experimental Studies and This Study on Composite Flooring Systems

1)

2)

This
study

Composite
slab

Flat RC slab

Composite
slab

6000×9000
Depth 200 (130+70)

3300×4300
Depth 100

3300×4300
Depth 130 (75+55)

4) Composite
slab

3720×5232
Depth 146 (70+76)

4200×5800
Depth 120

356x171

None

250x118

None

350x175

Composite
slab

4200×5800
Depth 130 (80+50) 350x175

–

5.31
5.51
5.32

5.43

Under real fire
condition

180 min

640 mm (Test 6)
210 mm
155 mm
271 mm

253 mm

428 mm (Test 3)

Ref. Floor slab Specimen size
(mm)

Unprotected
beam

Total load
(kN/m2)

Heating duration
(ISO 834)

Result of the maximum
vertical displacement

Reinforcement
temperature

–

630 – 750°C

500 – 700°C

3) Composite
slab

6660×8735
Depth 155 (97+58)

300x150
(Two beams) 3.87 120 min About 450 mm 280 – 350°C

18.38 75 min 175 mm Ave. 17°C
17.71 90 min 140 mm Ave. 240°C
8.75 100 min 135 mm Ave. 370°C
9.47 100 min 150 mm Ave. 360°C

132 min 190 mm 500 – 550°C
Flat RC slab 11.23 202 min 269 mm 670 – 710°C

None 217 min 280 mm 740 – 780°C
8.04 210 min 350 mm 500 – 610°C
10.72 156 min 370 mm 420 – 550°C
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paring specimens No. 2 and No. 3.
In the test, a load of 11.23 kN/m2, in-

cluding the dead load of the floor slab, 
was given as the target value. The live 
load was the collapse load based on 
yield-line theory in the case when the RC 
slab was simply supported at the four pe-
ripheral sections of the slab. The collapse 
load was calculated using the following 
equation (1) paying no attention to up-
per-side reinforcement. 

 

(1)

where,
Wp: Collapse load based on yield-line 

theory (=11.23 kN/m2)
l: Short-side span (=4.2 m)
n: Aspect ratio (=1.38)
d: Effective depth (=0.09 m)
As: Cross section of lower-side reinforce-

ment per unit width (=366.6 m2/m)
σu: Yield stress of lower-side reinforce-

ment shown in mill sheet (=0.380 
kN/m2)

The live load was set at 8.35 kN/m2, 
assuming that a unit weight of concrete 
applied to the floor slab is 24 kN/m3. The 
test specimen was heated based on the 
standard time/temperature curve in ac-
cordance with ISO 834-1.

ances the tensile stress widely occurring 
at the center section of slab, and as a re-
sult it is unnecessary to restrict the hori-
zontal-direction displacement at the four 
peripheral sections of the slab2).

In RC slabs in which two-tier rein-
forcements are arranged, when subject-
ed to fire heating, the temperature at the 
upper-side reinforcement becomes lower 
than that at the lower-side reinforcement, 
and thus the tensile strength at the upper-
side reinforcement is kept to a high level 
for a long time. As a result, it is forecast 
that the retention of strength by the slab 
due to the membrane action during fire 
will become more conspicuous. 

In order to understand these behav-
iors, a load-bearing fire test was carried 
out by means of standard fire heating in 
accordance with ISO 834, targeting a 
composite flooring system composed of 
two-tier reinforcement-arranged flat RC 
slabs and unprotected steel beams.

Outline of Testing
• Test Conditions
Table 1 shows the conditions of the load-
bearing fire test. The first aim was to un-
derstand the effect of the headed stud ar-
ranged at the periphery of the slab on the 
deflection behavior of the RC slab dur-
ing fire by comparing specimens No. 1 
and No. 2. The second aim was to under-
stand the effect of applying unprotected 
secondary beams on the fire resistance of 
the composite flooring system by com-

Aim of Load-bearing Fire Tests
In Part 2, the results of load-bearing fire 
test are introduced that targets a compos-
ite flooring system composed of flat RC 
slabs and unprotected beams.

When the unprotected steel beam ap-
plied as a secondary beam is exposed to 
fire, it loses strength at an early stage of 
fire. On the other hand, for flat RC slabs 
supported in 2 ways, when deflection in-
creases, membrane stress occurs within 
the cross section of the slab, and as a re-
sult the load bearing capacity of the slab 
is improved due to this membrane action. 
In RC slabs subjected to heating from the 
lower side during fire, because of large 
deflection caused by reduction in the ri-
gidity of the material and thermal deflec-
tion due to the temperature difference be-
tween the upper and lower sides of slab, 
the membrane action becomes more 
striking at that stage of fire than at the 
room temperature stage, and as a result 
the slab can withstand fire heating for a 
long time.

The ultimate load of an RC slab dur-
ing fire surpasses by a great margin the 
bending collapse load based on yield-line 
theory, and the ratio of the ultimate load 
to the bending collapse load depends 
on the amount of deflection1). Further, a 
characteristic feature of the membrane 
action of RC slab lies in that compres-
sion stress occurs to the circumferential 
direction of the peripheral section of the 
RC slab and this compression stress bal-

in Part 2 and Part 3. The load-bearing fire 
test and numerical analysis were subsi-
dized by the Japan Iron and Steel Fed-
eration.
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Table 1 Parameters in Load-bearing Fire Tests

No. 1

No. 2
No. 3

None

Diameter:15.4 mm
Distance: 150 mm

None

H-300×150×6.5×9
(SN400) 11.23 kN/m2

Standard fire curve 
in accordance with 

ISO 834-1

Specimen Headed stud at the end
of the slab

Unprotected 
secondary beam

Load including dead 
load of the slab Heating condition
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• Test Specimens
Fig. 1 shows an outline of specimen No. 
1. Photo 1 shows the specimen before 
the placement of concrete. The span of 
the flooring system specimen was set at 
5.8×4.2 m in a distance between prima-
ry beam cores. The thickness of the flat 
RC slab was set at 120 mm, and a 1 mm-
thick flat deck was applied as a concrete 
permanent form.

Regarding specimen No. 1, the head-
ed stud was arranged in a primary beam 
that supported the four peripheral sec-
tions of the RC slab so as to restrict rota-
tional- and horizontal-direction displace-
ment at the slab edge under conditions 
roughly similar to those in a practical 
steel structure. The unprotected second-
ary beam was structured to a complete 
composite beam together with the RC 
slab. The cross section of the secondary 
beam was H-300×150×6.5×9, and the 
steel grade adopted was SN400B (JIS G 
3136). The lower-limit yield point of the 
SN400B was 235 N/mm2, and the low-
er-limit tensile strength was 400 N/mm2. 
Three high-strength bolts (diameter: 20 
mm) were arranged at the end of the sec-
ondary beam web to form a pin joint. 
The cross section of the primary beam 
applied for the peripheral section of the 
slab was H-350×175×7×11. The or-
thogonal primary beams were joined by 
means of full-penetration flange weld-
ing. 

Regarding specimen No. 2, the same 
specifications as those of specimen No. 1 
were adopted except for the headed stud 
arranged in the primary beam that sup-
ported the four peripheral sections of the 
floor slab.

Regarding specimen No. 3, the same 
specifications as those of specimen No. 
2 were adopted except for the second-
ary beam arranged in the center section 
of the floor slab. That is, specimen No. 3 
had a structure in which the RC slab was 
only arranged on the primary beam.

Deformed steel bars (nominal diame-
ter: 10 mm) were applied for RC slab re-
inforcement and arranged at 200 mm in-
tervals between reinforcing bars for both 
the upper- and lower-side reinforcements 
and with a covering thickness of 20 mm. 
According to the mill sheet for the de-
formed steel bar applied, its yield stress 
was 380 N/mm2. The water to cement 
ratio of the concrete was set at 51.9%, 
and polypropylene fiber was mixed with 
the concrete to prevent explosions in the 
case of fire. The strength of the concrete 
after 28-days aging was 36.1 N/mm2. A 

Photo 1 Specimen No. 1 before placement of concrete

Photo 2 Specimen No. 1 to which weights are arranged

Fig. 1 Outline of Specimen (Example: Specimen No. 1)
Overhang beam RC slab: 120 mm in thickness (20 mm in covering thickness)

Headed stud φ16@150 single

Reinforcement 2-D10@200 (SD295A)

Temperature measurement position 
at general section

Secondary beam H-300×150×6.5×9

Primary beam H-350×175×7×11

5,800 mm (long-side span)

Vertical displacement measurement 
position in the center 

Temperature measurement 
positon in the center 
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ceramic-wool blanket with a thickness 
of 100 mm for use as fire protection was 
provided to the heating side of the pe-
ripheral primary beams, and the same 
fire-protection blanket with a thickness 
of 25 mm was provided to the high-
strength bolt joints at the end of the sec-
ondary beam. 

• Test Methods
The test was conducted using a heating 
furnace for horizontal elements operated 
by the Building Research Institute. The 
heating area at the lower surface of the 
RC slab was set at 5.6×4.0 m. A total of 
24 weights (6×4 weights) were placed 
at equal intervals on the upper surface of 
the RC slab, and the slab was then heat-
ed from its lower surface. The weight per 
weight was set at 8.62 kN. Photo 2 shows 
the specimen on which the weight was 
placed.

The vertical displacement of the slab 
was measured at 18 positions at the cen-
ter section of the short and long sides 
and on the diagonal line. The tempera-
ture of the unprotected secondary beam 
was measured at the center section and 
at the end of the bolt. The temperature 
within the cross section of the RC slab 
was measured at the center section and 
at a position at a distance 1/4 of the di-
agonal line, as shown in Fig. 1. The tem-
perature of reinforcement within the RC 
slab was measured at positions where the 
long- and short-side reinforcement bars 
crossed or contacted each other.

• High-temperature Mechanical
   Properties of Steel Products 
   Applied
The high-temperature tension test based 
on JIS G 0567 was conducted for rein-
forcing bars and secondary beams used 
for the specimens in the current load-
bearing fire test. Fig. 2 (a)-(b) show the 
relationship between the 0.2% proof 
stress, stress at 1% strain and tensile 
strength and the temperature, which was 
obtained from the test results. The effec-
tive yield stress shown in the figure is the 
value for the stress at 1% strain.

As shown in Fig. 2 (a), the strength of 
the reinforcing steel bars was similar to 
that at room temperature before the tem-
perature reached 400°C, but the strength 
rapidly lowered when the temperature 
surpassed 400°C, and when the tempera-
ture reached 700°C, the strength lowered 
to a level of 1/4 to 1/5 that at room tem-
perature. The trend of strength lowering 
was nearly close to the high-temperature 

Fig. 2 High-temperature Strength of Steel Products Used for Specimens
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(b) Steel Product Used for Secondary Beam

0

100

200

300

400

500

600

0 200 400 600 800 1000

St
re

ng
th

 (N
/m

m
2 )

Temperature (°C)

Tensile strength

Effective yield stress

0.2% proof stress

strength retention rate of hot-rolled rein-
forcing bars in Eurocode 23).  

As shown in Fig. 2 (b), the strength 
of the steel member used as the unpro-
tected secondary beam lowered to a level 
of nearly 1/10 that at room temperature 
when the temperature surpassed 800°C. 
It is forecast from these experimental test 
results that unprotected secondary beam 
subjected to standard fire heating would 
lose its strength in an earlier stage of a 
fire. 

Test Results
• Temperature Measurement 
   Results
Fig. 3 shows the temperature measure-
ment results for specimen No. 2 as an ex-

ample of the temperature measurements 
results for the composite RC flooring sys-
tem. In the test of specimen No. 2, heat-
ing stopped at the stage when the temper-
ature of the lower-side reinforcement in 
the slab reached 700°C. The heating du-
ration was 202 minutes. The temperature 
inside the heating furnace was controlled 
following the standard fire curve in ac-
cordance with ISO 834-1. 

The temperature of the lower flange of 
the unprotected beam surpassed 700°C 
after 30 minutes of heating, and 1,000°C 
after 120 minutes of heating. The tem-
perature of the web reached a level sim-
ilar to that of the upper flange. The tem-
perature of the upper flange came closer 
to that of the lower flange as the heat-

5 Steel Construction Today & Tomorrow December 2020



ing duration increased, and it surpassed 
950°C after 120 minutes of heating. The 
temperature of the RC slab lower surface 
was low in comparison with the temper-
ature inside the furnace, and it reached 
about 800°C after 120 minutes of heat-
ing. For the test specimens in this test, 
a flat deck was applied as a permanent 
form. Therefore, the lower surface of 
the RC slab was not exposed directly to 
flames, and a gap occurred between the 
flat deck and the RC slab lower surface 
during heating, and as a result it was con-
sidered that the temperature of the RC 
slab lower surface was lower than that 
inside the furnace.

While the temperature of the lower-
side reinforcement in the RC slab was 
low, or about 250°C after 60 minutes of 
heating, due to stagnation from the tem-
perature rising in the vicinity of 100°C 
accompanied by the evaporation of wa-
ter contained in the concrete, the temper-
ature then increased as the heating dura-
tion lapsed, reaching about 650°C after 
180 minutes of heating. On the other 
hand, the temperature of the upper-side 
reinforcement in the RC slab showed 
a longer stagnation time from the ris-
ing temperature at 100°C compared to 
the lower-side reinforcement, and it was 
200°C even after 180 minutes of heating. 
The temperature of the RC slab upper 
surface was about 120°C even after 180 
minutes of heating, and the difference in 
temperatures between the upper and low-
er-surfaces after 180 minutes of heating 
was about 700°C. 

• Deflection at the Center Section 
of RC Slabs

Fig. 4 shows changes in deflection oc-
curring in the center section of the RC 
slab.  

The heating duration was 132 min-
utes for specimen No. 1, 202 minutes 
for specimen No. 2 and 217 minutes for 
specimen No. 3. Because specimen No. 
1 was first subjected to the test, heat-
ing was stopped when the temperature 
of the lower-side reinforcement reached 
500°C. When the damage condition of 
specimen No. 1 was confirmed, it was 
found that the RC slab concrete caused 
no explosion and that the damage to the 
high-strength bolt joint at the secondary 
beam end was lessened. Consequently, 
heating was sustained for specimen No. 
2 until the temperature of lower-side re-
inforcement reached 700°C, and in the 
test for specimen No. 3 heating was sus-
tained until the heating duration reached 

210 minutes. 
In the case of specimens No. 1 and 

No. 2, large deflection occurred for 30 
minutes from the start of heating. This 
large deflection was greatly affected by 
the thermal deflection that occurred due 
to the difference of temperatures be-
tween the upper and lower flanges of the 
unprotected secondary beams. In speci-
men No. 3, deflection rapidly increased 
for about 2 minutes after the start of heat-
ing to reach about 50 mm. The reason for 
this rapid increase was considered to be 
attributable to the cracking that occurred 
in the lower-side concrete due to the ther-
mal expansion of the flat deck plate and 
the movement of the neutral axis in the 
cross section of the RC slab to the upper-
surface side of the slab. Meanwhile, in 

specimen No. 3, which did not use a sec-
ondary beam, there was deflection for 30 
minutes after the start of heating, which 
was smaller than that of specimens No. 
1 and No. 2.

After 40 minutes from the start of 
heating, deflection increased in every 
specimen nearly in proportion to the 
increase in heating duration, and they 
showed nearly identical deflections. In 
spite of whether or not the headed stud 
was arranged at the peripheral area of 
the slab, both specimens No. 1 and No. 
2 showed nearly identical deflection be-
haviors, and therefore it was found that 
the effect of the restraint of rotational 
and horizontal displacement at the slab 
end on the deflection behavior of com-
posite flooring systems during fire was 

Fig. 3 Temperature Measurement Results (Specimen No. 2)
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(a) Specimen No. 1

(b) Specimen No. 2

(c) Specimen No. 3

Photo 3 Cracking conditions on upper surfaces of 
             RC slabs in specimens No. 1, No. 2 and 
             No. 3
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small. Further, in spite of whether or not 
the unprotected secondary beam was ap-
plied, both specimens No. 2 and No. 3 
showed nearly identical deflection be-
haviors after 40 minutes from the start of 
heating, and therefore it was considered 
that the live load of the composite floor-
ing system was supported only by the 
RC slab after 40 minutes from the start 
of heating. Further, these test results can 
clearly be understood from that the lower 
flange temperature surpassed 800°C af-
ter 40 minutes from the start of heating 
in the temperature measurement results 
in Fig. 3 and that the strength of the sec-
ondary beam at 800°C lowered to nearly 
1/10 that at room temperature as shown 
in Fig. 2 (b).

The maximum deflection of speci-
mens No.2 and No. 3 after stopping heat-
ing was 1/15 the deflection of the short-
side span of the RC slab. Because large 
deflection occurred in the slab, the mem-
brane stress occurred within the slab, and 
it was considered that the slab could sus-
tain the load due to this membrane ac-
tion. In addition, because the tempera-
ture of the upper-side reinforcement was 
low, it was considered that the tension re-
sistance of the upper-side reinforcement 
worked effectively in terms of membrane 
action. Further, these test results can be 
understood by comparing the temper-
ature of the upper and lower-side rein-
forcements after 3 hours from the start 
of heating shown in Fig. 3 and the high-
temperature strength of reinforcing steel 
bars shown in Fig. 2 (a).

While heating was stopped for speci-
men No. 1 after 132 minutes, when tak-
ing into account the test results for speci-
mens No. 2 and No. 3, it was considered 
that specimen No. 1 sustained the load-
bearing capacity for 3 hours or more as 
with the case of specimens No. 2 and No. 
3. 

• Crack Occurrence Condition at
   Upper Surface of RC Slab
Photo 3 shows the occurrence of crack-
ing on the upper surface of the RC slab.

In specimen No. 1 shown in Photo 
3 (a), because the heating duration was 
short, the cracking width in the center 
section of the RC slab was narrow, but 
because the end of the RC slab was re-
stricted, it showed remarkable cracking 
in the vicinity of the end. 

In specimen No. 2 shown in Photo 3 
(b), large cracks vertical to the long-side 
direction occurred in the center section 
of the RC slab. In the center section of 

the RC slab, it was considered that the 
full cross section experienced a tension 
region in the long-side direction area. 
Meanwhile, no cracking vertical to the 
short-side direction was observed. Be-
cause the curvature in the short-side di-
rection area was large, it was considered 
that the compression due to bending and 
the tension due to membrane stress were 
offset at the upper surface of the slab.  

In specimen No. 3 shown in Photo 3 
(c), the cracking condition was similar to 
that of specimen No. 2.

In specimen No. 1, oval-shaped crack-
ing was observed in the vicinity of the 
peripheral section. In specimens No. 2 
and No. 3, diagonal cracking like dia-
mond-shaped cracking was observed. 
The reason for such cracking was con-
sidered to be the suppression of floating 
of the RC slab at the corner section by the 
weight arranged in the corner section. At 
the stage where the membrane action of 
the RC slab worked, the tension force oc-
curred to the radial direction in the center 
section of the RC slab, and the compres-
sion force occurred to the circumferen-
tial direction in the peripheral section of 
the RC slab. 

The trends in cracking in the RC slabs 
under the condition of the membrane ac-
tion were confirmed from the cracking 
conditions in these three specimens used 
in this load-bearing fire test for the com-
posite flooring system.

Potential for Unprotected 
Application of Secondary Beams
The following will summarize the results 
of the load-bearing fire test that was con-
ducted for the composite flooring system 
employing the two-tier reinforcement-
arranged flat RC slabs and unprotected 
steel beams:
• The RC slab to which the bending col-

lapse load based on the yield-line theo-
ry was given sustained load-bearing ca-
pacity even after being subjected to 3.5 
hours of standard fire heating while in-
volving deflection surpassing 1/20 that 
of the short-side span.

• In the RC slab in which two-tier rein-
forcements were arranged, even when 
the temperature of the lower-side rein-
forcement reached 700°C, the tempera-
ture of the upper-side reinforcement was 
about 300°C, thereby allowing for the 
slab to retain its load-bearing capacity. 
The reason for this successful retention 
was considered to be that the tension re-
sistance of the upper-side reinforcement 
worked effectively due to the membrane 

action of the RC slab.
• In the composite flooring system used 

in this test, the effect of the application 
of unprotected steel beam on fire resis-
tance was small.

• The effect of the headed studs arranged 
in the four peripheral sections of the RC 
slab on the deflection behavior of the RC 
slab during fire was small. Due to the 
small effect, even when the rotational 
and horizontal displacement at the end 
of the slab was not restricted, the mem-
brane action of the RC slab worked ef-
fectively, and it was thus shown that the 
load-bearing capacity of the composite 
flooring system was retained during fire.

• It was shown from these test results that 
the application of unprotected secondary 
beam in the composite flooring system 
is made possible by means of the mem-
brane action of the RC slab.
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Fig. 1 Thermal Analysis Model

20°C (h=4W/(m2K))

(a) RC slab (b) Secondary beam (c) Primary beam

ISO834 (h=23W/(m2K))

Purpose of Numerical Analysis
A numerical analysis was made target-
ing the load-bearing fire test of com-
posite flooring systems composed of 
flat RC slabs and unprotected beams 
(beams with no fire protection cover-
ing), and the test results and numeri-
cal analysis results were compared. 
The main aim in numerical analysis 
was to verify the accuracy of the nu-
merical analysis approach, and at the 
same time to study the stress distribu-
tion within the composite floor surface 
at the stage where the membrane ac-
tion worked, the data for which is dif-
ficult to obtain from the load-bearing 
fire test.

Analysis Targets
The numerical analysis targeted the 
load-bearing fire test for the compos-
ite flooring system introduced in the 
preceding Part 2. The plane size of 
the floor slab in the composite floor-
ing system measured 5,800×4,200 
mm with a thickness of 120 mm, and 
10 mm-diameter reinforcing steel bars 
were arranged in the slab in two tiers 
at a pitch of 200 mm. Four floor pe-
rimeters were supported with protected 
primary beams, and unprotected sec-
ondary beams were arranged as they 
connected the center of the short sides 
of slab.

A uniformly distributed load 
amounting to 11.23 kN/m2 (including 
the dead load) was loaded on the floor 
slab. The slab was heated from its low-
er surface by means of the standard fire 
curve in accordance with ISO 834.

Then the numerical analysis was 
made, targeting test specimen No. 1 in 

which headed studs were arranged at 
the perimeter beams.

Outline of Numerical Analysis 
Approach
For the numerical analysis, the finite 
element analysis software “SAFIR” 
developed at the University of Liege 
in Belgium was adopted. This software 
is composed of a thermal analysis pro-
gram and a structural analysis program. 

First, the distribution and hysteresis 
of the temperature in the cross section 
of the structural members were calcu-
lated using the thermal analysis pro-
gram, and then the stress and deforma-
tion conditions of these members were 
calculated using the structural analysis 
program that employs the results thus 
obtained in the above calculation. (For 
more details about SAFIR, refer to ref-
erence 1).

Thermal Analysis
• Analysis Models
Fig. 1 shows the thermal analysis mod-

el. Fig. 1 (a) shows the RC slab, (b) the 
secondary beam and (c) the primary 
beam. For the thermal analysis model in 
Fig. 1, the thickness of the RC slab was 
set at 120 mm, the cross section of the 
secondary beam H-300×150×6.5×9, 
and the cross section of the primary 
beam H-350×175×7×11. In Fig. 1 (c), 
ceramic wool was coated on 3 surfac-
es of the H beam, excluding its upper 
flange, and the heat transfer caused by 
convection and radiation in the cavity 
was taken into account.

The thermal properties of the con-
crete and steel followed that prescribed 
in Eurocode 42), and the moisture con-
tent of the concrete was set at 5.8% 
based on the material test results. Fur-
ther, the thermal properties of the ce-
ramic wool applied the room-temper-
ature value of calcium silicate board, 
and the moisture content was set at 
10%.

In order to simulate the condition in 
which heating at the flashover stage of 
fire is applied to respective structur-
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Fig. 3 Structural Analysis Model
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Fig. 2 Comparison of Temperature Hysteresis inside RC Slab
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Table 1 Material Properties of Steel

Poisson ratio

0.3
0.3
0.3

Yield strength
(N/mm2)

349
298
380

Young’s modulus
(N/mm2)
210,000
210,000
210,000

Material

SN400B
SS400
SD295A

Table 2 Material Properties of Concrete

Poisson ratio

0.2

Tensile strength
(N/mm2)

0

Compressive strength
(N/mm2)

36.1

Material

Fc24

al members from their lower side, the 
atmospheric temperature at the heat-
ed surface followed the standard heat-
ing temperature prescribed in ISO 834, 
and thus the atmospheric temperature 
at the non-heated surface was set at 
20°C. The convection heat transfer co-
efficient at the heated surface was set 
at 23 W/(m2・K), and that at the non-
heated surface at 4 W/(m2・K). Inci-
dentally, reinforcing steel bars and 
headed studs in the RC slab, and steel 
decks were not modelled, and the ef-
fect of these materials on the member 
temperature was disregarded. 

• Results of Analysis
Fig. 2 shows the temperature hystere-
sis of the RC slab as an example of the 
thermal analysis results. In this figure, 
the solid line shows the analysis val-
ues, and the test value of specimen No. 
2, which was heated for 202 minutes, is 
plotted. Regarding the temperature of 
the lower-side reinforcement, a major 
factor affecting membrane action dur-
ing fire, it was understood from the fig-
ure that the difference in temperature 
between the numerical analysis and the 
test was approximately 100°C at max-
imum.

On the other hand, while the tem-
perature at the lower surface of the 
composite floor obtained by numeri-
cal analysis was higher by as much as 
300°C than that obtained in the test, the 
reason for the higher temperature was 
attributable to that the thermal insula-
tion effect of the steel deck removed 
from concrete and the air layer on the 
temperature was disregarded. Further, 
while the temperature at the upper-side 
reinforcement and the upper surface of 
the composite floor, obtained by nu-
merical analysis, was about 50°C high-
er than that obtained by the test, the 
reason for this was attributable to the 
fact that the movement of moisture in-
side the composite floor could not be 
taken into account.

While the temperatures of the struc-
tural members obtained by numerical 
analysis showed a trend of being high-
er than those obtained by the test as 
seen above, it was considered possible 
to qualitatively assess these tempera-
tures, and these numerical analysis re-
sults were thus adopted as the input da-
ta for use in structural analysis. 

Structural Analysis
• Analysis Models
Fig. 3 shows the structural analysis model. 

The RC slab was modelled using the 
shell element, and both the unprotected 
secondary beam and the primary beam 
was modelled using the beam element. 
The vertical-direction displacement at 
the floor edge was to be restricted, and a 
vertical load of 11.2 kN/m2 was uniform-
ly given to the entire surface of the com-
posite floor. 

The stress-strain relationship of con-

crete and steel at high temperature fol-
lowed those prescribed in Eurocode 42), 
and the strength of structural materi-
als at room temperature was set based 
on the material test results. Specifically, 
the compression strength of the concrete 
was set at 36.1 N/mm2, and its tensile 
strength at 0 N/mm2; and the yield point 
of the reinforcing bars was set at 380 N/
mm2, and the yield point of the second-
ary beam and primary beam respectively 
at 349 N/mm2 and 298 N/mm2 (refer to 
Tables 1 and 2).

10December 2020 Steel Construction Today & Tomorrow
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Specimen No. 1

Specimen No. 2

Analysis value

Test value

(a) After 5 minutes of heating (b) After 30 minutes of heating (c) After 60 minutes of heating

Fig. 4 Floor Deformation 
          (Magnification: 5 Times)

Fig. 5 Comparison of Deflection Hysteresis in the 
          Center of Composite Floor

Fig. 6 Distribution of Main Stresses within Composite Floor Surface (Blue: Compression; Red: Tension)
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• Results of Analysis
Fig. 4 shows the floor deformation 
(magnification: 5 times) as an example 
of structural analysis. It can be seen in 
the figure that with the lapse of heating 
duration, the deflection of the compos-
ite floor increases.

Fig. 5 shows the deflection hystere-
sis at the center of the composite floor. 
It was understood from the figure that, 
while the analysis value is smaller than 
the test value up to heating for about 
45 minutes, the trend of the increase in 
deflection after 45 minutes of heating 
was nearly identical for the analysis 
and test values. The deflection at the 
time of 132nd minute (stop heating) 
was 191 mm in the test and 197 mm in 
the analysis, which showed favorable 
consistency between them.

Fig. 6 shows the distribution of main 
stresses occurring within the compos-
ite floor surface by dividing the stress-
es into compression and tension. From 
the figure, while it was confirmed that 
the floor long side-direction tension 
stress due to the thermal expansion of 
the unprotected beam occurred after 
5 minutes of heating, it can be under-
stood that the compression stress oc-
curred to the circumferential direction 
in the peripheral area of the composite 
floor after 30 minutes of heating, and 
at the same time a tension sphere was 
formed in the center of the composite 
floor. Further, with the lapse of heat-
ing duration, the temperature of low-
er-side reinforcement rose to cause the 
reduction of the strength of the com-
posite floor, and as a result, the tension 
sphere expanded.
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Fig. 7 Transition of Temperature and Axial Force of 
          Unprotected Secondary Beam

T

Fig. 7 shows the transition of the 
temperature and axial force of the un-
protected secondary beam. Incidental-
ly, the tensile force was treated as a 
positive value. It is understood from 
the figure that the temperature of the 
unprotected secondary beam reached 
450°C after 7 minutes of heating 
and that the compression axial force 
reached the maximum level at 930 kN. 
Then, as the temperature of the second-
ary beam increased, the axial force ap-
proached the level of 0.

It is forecast from these analysis re-
sults that in specimen No. 1 the vertical 
load can be continually supported due 
to membrane action.

                ♦♦♦♦♦
In Part 3, examinations by means of 
numerical analysis were conducted 
targeting the load-bearing fire test for 
full-scale RC slabs to confirm the accu-
racy of thermal and structural analysis. 
Further, the stress distribution within 
the composite floor surface when the 
membrane action works was shown.
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Fire Resistant Design of Steel 
Structures in Japan
It is the AIJ Recommendations for Fire 
Resistant Design of Steel Structures, pre-
pared by the Architectural Institute of Ja-
pan (AIJ), that is adopted as common 
guidelines for fire resistant design meth-
ods for steel structures in Japan.

Following the revision of the Build-
ing Standard Law of Japan in 2000, two 
design methods were introduced for the 
fire resistant design of buildings: design 
based on specification route (Route A) 
and design based on performance route 
(Routes B and C). With the introduction 
of Routes B and C, it has legally become 
possible to apply performance-based fire 
resistant designs for steel structures. 

In the verification of the fire resis-
tance of steel structures by means of 
simple calculations in Route B, the ba-
sic concept stated in the AIJ Recommen-
dations has been applied, and the basic 
concept has also been applied in the ver-
ification of the fire resistance of steel 
structures that requires advanced calcu-
lations in Route C. To that end, the AIJ 
Recommendations has been accepted as 
the guidelines that play an important role 
in the practical fire resistant design of 
steel structures in Japan.

AIJ Recommendations for Fire 
Resistant Design of Steel 
Structures
The first edition of the AIJ Recommen-
dations was published in 1999, and the 
third edition was published in 2017. In 
the latest 2017 edition, a new fire resis-
tance assessment method was proposed 
and the existing assessment method was 
improved by incorporating into the AIJ 
Recommendations many attainments of 

the latest research on the fire resistance 
of steel structures. Noting the ultimate 
strength of steel framing, the AIJ Rec-
ommendations provides fire-resistant de-
sign methods for overall and partial steel 
framing in an event of fire. Fig. 1 shows 
the procedure of fire resistant design 
shown in the AIJ Recommendations.

A notable feature of the AIJ Recom-
mendations lies in that the fire resis-
tant design of steel structures is able to 
be completed using just the AIJ Rec-
ommendations. The left side in the fig-
ure shows the design route that assesses 
fire actions, and the right side shows the 
route that assesses structural strength. As 
a result, the simple fire resistant design 
method can be put into practical use due 
to the complete division of fire resistant 
design elements into these two routes as 
shown in the figure, and further exami-
nation by means of advanced numerical 
calculation is not entirely required. 

The AIJ Recommendations is pre-
pared based on existing research in which 
the thermal stress during fires does not in 
most cases affect the ultimate strength of 
steel structures, which thus allows for the 
realization of performance assessment 
based on a comparison between the max-
imum steel member temperature owing 
to the fire action and the collapse tem-
perature when the steel member collaps-
es (see Fig. 1). 

In Japan, a certain level of or high-
er member strength and plastic defor-
mation capacity are imparted with steel 
structures through seismic design, and in 
such steel structures, because high-tem-
perature strength and plastic deformation 
capacity can be expected to demonstrate 
during fire, the effect of thermal stress on 
steel structures at the ultimate state has 

become extremely small. Meanwhile, 
regarding the flexural or local buckling 
of columns and the high-temperature 
strength of high-strength bolt connec-
tions and other structural members in-
sufficient in high-temperature strength 
or plastic deformation capacity during 
fires, the collapse temperature is reduced 
by providing specific assessment meth-
ods for each.

In the third edition, a design meth-
od was provided that prevents the entire 
collapse of a building during fire by as-
sessing the load re-distribution capaci-
ty (redundancy) of the overall framing, 
and it has thus become possible to im-
prove the collapse temperature of fram-
ings through the optimization of redun-
dancy.

Future Development of Fire 
Resistant Design
Steady efforts are being directed towards 
the publication of the fourth edition of 
the AIJ Recommendations, into which 
plans call for the incorporation of re-
search results on the reinforced-concrete 
flooring system introduced in the preced-
ing Parts 1~3. Further, the scope of steel 
grades subjected to fire resistant design 
is being expanded and it is examined to 
incorporate high-strength steel products 
in the future edition of the AIJ Recom-
mendations.

On the other hand, in settling the steel 
effective strength for use in fire resistant 
design, the traditional approach has been 
adopted since the first edition. Specif-
ically, the design strength has been set-
tled at zero at fire temperatures of 750°C 
or higher, and therefore fire resistant de-
sign has been required to be made so 
that the collapse temperature becomes 
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750°C or lower. At the time of publica-
tion of the first edition of the AIJ Recom-
mendations, because of the lack of avail-
able test data for steel effective strength, 
a comparatively large safety factor was 
provided for steel effective strength. But 
relevant test data has steadily been accu-
mulated since, and reliable theories have 
also been developed for the fire resistant 

design of steel structures. As a result, it 
is considered that it will be possible in 
the future to introduce limit state fire re-
sistant designs represented by the LRFD 
that will be carried out without counting 
on the excess safety factor.  

When the concerns involved in an up-
per-limit design temperature of 750°C or 
higher are solved and the results of re-

search on reinforced-concrete flooring 
systems introduced in Parts 1~3 are re-
flected in future editions of the AIJ Rec-
ommendations, building design employ-
ing unprotected steel structural members 
(members with no fire protection cover-
ing) will become easier. To that end, the 
attractiveness of steel structures is ex-
pected to further improve.

START

Settlement of subassemlage
Sec. 6.2

Design condition:
Fire separation, structural 

material applied, fire protection, 
member dimension, etc.

Working load Sec. 3.3

Moment frame
Bracing frame

Sec. 6.3
Sec. 6.4

Effect of high-temperature creep
Flexural buckling of column
Local buckling of column
Load re-distribution in frame
Lateral-torsional buckling of beam
Composite beam
High-strength bolt connection
Weld connection

Sec. 6.5
Sec. 6.6
Sec. 6.7
Sec. 6.8
Sec. 6.9

Sec. 6.10
Sec. 6.11
Sec. 6.12

Local fire
Moving fire
Fully developed compartment fire
Ejected fire from opening

Sec. 4.2
Sec. 4.3
Sec. 4.4
Sec. 4.5

Unprotected steel member
Protected steel member

Sec. 5.2
Sec. 5.3

Settlement of fire compartment and
selection of fire property

Sec. 4.1

Calculation of fire temperature
of compartment room

High-temperature strength of
steel member Chap. 2

Calculation of basic collapse
temperature of framing

Calculation of collapse
temperature of framingCalculation of steel member

temperature

Steel member temperature
＜

Collapse temperature of framing

END

Fire load
Sec. 3.2

Fig. 1 Fire Resistant Design Procedure in AIJ Recommendations for Fire Resistant Design of Steel Structures
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Photo 2 Hardware eagle, a symbol of the 
             hardware town of Miki

Photo 1 Finely-designed space truss framing

A notable feature of Miki City in Hyogo 
Prefecture is the hardware industry that 
has experienced sustained development 
since old times, and currently the city is 
known as a hardware town that produc-
es carpenter tools that are ranked as the 
best in Japan.

In the project of the Mikiyama Park 
Gymnasium, we intended that this are-
na will be loved by Miki citizens by ex-
pressing “Hardware Town Miki.” A re-
markable feature is that the truss frame 

with small curves gives the inner space 
an image of sharp hardware (Photo 1).

“Hardware Eagle,” a Symbol of 
Miki City
The “hardware eagle” is an eagle-shaped 
art object assembled employing a total 
of 3,329 saws, kitchen knives and other 
hardware products, all of which are Mi-
ki-made hardware products (see Photo 
2). The art object with a total wing length 
extending to 5 m is manually assembled, 

Image of Gymnasium Arena 
Space
At the initial stage of design of the Mi-
kiyama Park Gymnasium, the architect 
involved in the project had an image of 
an arena space that is covered with tree-
state framings and surrounded with a 
grove of trees growing in the forest.

As the design proceeded, the annual 
Miki hardware festival was held. When 
the design team joined the Miki hard-
ware festival, the team was fascinated 
by the power and beauty of the hardware 
eagle. Since then, the team was eager to 
pursue and express an image of hardware 
rather than tree-like structure.

In a frame composed of a lot of struc-
tural members, the impression and atmo-
sphere are determined by the detail of 
joints and the shape of steel members. 
In order to save the construction cost, we 
aimed to achieve an elegant structure us-
ing usual and low-price steel members. 
Then we added an idea of applying a 
hardware image to the detail design and 
developed an idea that strengthens the 
beauty of the edge and surface of truss 
framing.

consuming as much as 8 hours, whenev-
er the Miki hardware festival is held ev-
ery year. It is a precious symbol for Mi-
ki citizens.
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Building Plan
The newly-built gymnasium was connect-
ed to an existing swimming pool building 
via a passage to form an integrated facili-
ty. The building plan called for the arrange-
ment of an arena and exercise rooms on the 
first floor and the arrangement of specta-
tor seating and terraces on the second floor, 
and at the same time the linkage of an en-
tire facility using a passages-like corridor 
that runs through the entire facility from 
south to north. (Refer to Figs. 1 and 2)

A variety of exercises can be taken at 
the gymnasium. In this connection, some 
devices to promote motivation for exer-
cising were provided. For example, win-
dows were arranged in various places of 
the corridor so that visitors can see en-
joying exercises of others too.

Outline of Structural Plan
For the main structure of the gymnasium, 
a reinforced-concrete structure was ad-
opted for the lower structure, and a steel 
structure for the roof. The arch truss base 
section of the roof was settled at the level 
of the second-floor spectator seating, and 
the base was joined with the seat floor 
using pivotal bearings. (Refer to Figs. 3 
and 4, Photo 3)

Outline of Arch Trusses
An arch truss configuration was formed 
employing the lower chord member of 
the three circles-triangles type and the 
upper chord member of the circle type 
similar to that of the lower chord mem-
ber. H-beams were applied for the upper 
chord member, built-up steel angles were 
applied for the lower chord member, and 
covering plates were added to the lower 
chord nearby the base subjected to large 
axial force, thereby structuring the arch 
truss with a triangular cross section.

As the inner space with “hardware 
town MIKI”-specific structure, the design 
team tried to design structural details that 
express not only the clear and straight edge 
but the shining surface of sharpened steel.

• Expression of “Refined Lines”
   of Hardware
We took the lower chord member as the 
main item that imparts deep impression 
with the arena. The bottom edge of low-
er chord member curves from the lower 
level through the top so that visitors can 
see the elegant curved line floating in the 
arena. T-shaped steel members with two 
steel angles, used as the lattice member, 
make the edge clear. The gap between 
two angles seems like the line that di-
vides the flat surface.

Photo 3 Full view of Mikiyama Park Gymnasium

Fig. 1 1st-floor Floor Plan

Fig. 2 2nd-floor Floor Plan

Fig. 3 Cross Section
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• Expression of “Fine Surfaces 
   and Brilliance” of Hardware
We created the details in which the low-
er chord member and the lattice member 
are aligned to realize an identical struc-
tural plane (Fig. 5).

Fig. 6 shows the details of the truss 
framing. The structural members gather 
at many joints in various angles. There-
fore, we verified the detail in terms of the 
appearance from various viewpoints and 
the construction efficiency using mock-
ups and 3D simulation.

For the column base (A in the fig-
ure), cast steel was applied. The dimen-
sion of the steel-frame members adopt-
ed were H-beam-H-300×150×6.5×9 
(SN490B) for the upper chord mem-
ber; built-up angle-BL-250×250×19 
+ PL-19 (SN490B) for the lower chord 
member and angle-2L-125×75×7 for 
the lattice member. 

Steel-frame Fabrication
The design team and the steel-frame fabri-
cation team discussed repeatedly to share 
design concepts and intentions. During this 
process, the steel-frame fabrication team 
steadily understood that how to attractive-
ly assemble the framing was an important 
factor in creating an attractive arena space 
and how to secure high finishing accuracy 
was a demanding element for the interior. 
To meet these requirements and as a mem-
ber of one team of the project, the steel-
frame fabrication team resolved to make 
their work unique to the hardware town.

Fig. 4 Outline of Structural Plan

Fig. 5 (1) Configuration of Truss Fig. 5 (2) Detail of Truss

Fig. 6 Detail of Steel Truss Framing
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Photo 4 The fan-shape plate for manufacturing 
             the built-up angle and confirmation of 
             the configuration of the lower chord 
             member using mockups Photo 6 Checking of bolting work by means of 3D-CAD

Photo 5-1 Confirmation of the configuration of 
                 joints using mockups

Photo 5-2 Checking of angle grinding condition 
                 to make the angle edge conspicuous

Photo 5-3 Examination of the configuration of 
                 the column base cast steel using a 
                Styrofoam mockup

Assembly of fan-shaped plate

Primary assembly: 
Assembly of cast steel and built-up angle

Final assembly:
Final assembly of respective structural 

members on surface plate

Fig. 7 Fabrication Method for 
          Structural Members

Many skillful engineers joined the 
team to find out the best solution. We 
thought this timing as the most important 
milestone and raised two keynotes:

One was to show the “clear edge of steel 
members.” The edge of the lower chord 
member was required to go straight from 
the side to side like the Japanese sword.

Another was to align the surface of 
structural members applied. Each sur-
face of lower chord and lattice mem-
bers was required to be aligned in one 
surface. The clear finish of aligned sur-
face depends on surface finish of welds. 
We chose to sharpen the welding finish 
although it required high cost and time 
consuming process.

Tasks and Responses in 
Steel-frame Fabrication
In cases when we adopt the angle and it 
is bent as the lower chord member, the 
essential member, there was a possibil-
ity that a large strain would occur at the 
end of flange, To solve this problem, the 
team drew unfolded drawings of the an-
gles by using 3D-CAD. The fan shape 
was chosen as the shape of unfolded an-
gles. Two fan-shaped plates were weld-
joined to manufacture the built-up an-
gle with a curved configuration. (Refer 
to Photo 4 and Fig. 7)

On-site Erection of Steel Framing
In order to secure the erection accura-
cy of the lower chord members, the con-
struction team planned to build the truss 
by single unit instead of assembling 
units on the ground so that truss assem-
bly could be done only with slight ad-

justments. Assembly work was managed 
not to cause the errors during building of 
truss framing.

The on-site welding of lower chord 
members was unusual in terms of weld-
ing-line angles and welding directions. 
The team built mockups in order to con-
firm the appearance and quality, and de-
cided to grind the welding line aligned 
with each other (Photo 5). For high-
strength bolt joint of the chord and lattice 
members, how to insert each bolt was 
planned in advance considering bolt-
tightening efficiency and appearance 
from the spectator seating (Photo 6).

(Continued overleaf)
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Before entering into the jacking down 
phase, the team simulated the procedure 
and analyzed the degree of displace-
ment. Jacking up was carried out in 2 
steps. The result was almost same as pre-
construction analysis.

                   ♦♦♦♦♦
Construction of the Mikiyama Park 
Gymnasium was successfully complet-
ed, and when looking up at the complet-
ed arena of the gymnasium, the space 
truss framing structured with great cares 
stands in overwhelming beauty. When 
we see the great completion of the Mi-
kiyama Park Gymnasium, the difficult 
time that we had has gone away. And 
we’d like to share our feeling with Mi-
ki hardware craftsmen and to say “We 
did IT.”

Fine Arena Space Worthy of the 
Hardware Town of Miki
In previous architectural designs, steel 
pipes have commonly been used for the 
space trusses. In this project, the team 
pursued “Miki-specific structure” and 
reached the unique structure that fea-
tured “LINE” and “SURFACE” by the 
use of steel angles. (See Photo 7)

The truss frame “flying” in the are-
na is painted carefully and these sharp-
ened edges remind the hardware and 
carpenter tools. We believe that we have 
achieved “Miki-specific space” with this 
unique structure detail.
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Photo 7 New space truss structure stressing the “structural ‘LINE and SURFACE’  
             of framing” with the use of steel angles

Location: Miki City, Hyogo Prefecture
Project owner: Miki City Office
Main application: Gymnasium
Area
• Site area: 239,922.00 m2

• Building area: 3,538.33 m2

• Total floor area: 4,203.47 m2

Structure 
• Aboveground: RC structure, partly steel 
   structure
• Gymnasium roof: One-way steel-frame 
   truss
• Pile, foundation: Spread foundation (partly 
   shallow-layer improvement)
No. of stories: 2 aboveground
Maximum height: 16.84 m

Architectural design: Ishimoto Architectural  
    & Engineering Firm, Inc.
Structural design: Ishimoto Architectural & 
    Engineering Firm, Inc.
Construction
• Building: Takashina Corporation
• Gymnasium roof: Nippon Steel Engineering 
   Co., Ltd.
Design period: June 2015~March 2016
Construction period: June 2016~July 2017

Photo: Koichi Torimura
(Part of photos: Ishimoto Architectural & 
Engineering Firm, Inc., Nippon Steel 
Engineering Co., Ltd.)

Outline of Mikiyama Park Gymnasium


