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ABSTRACT

Precast composite structures are new trend in construction technology in China due to their high sustainability and structural
performance. As Chinese construction companies enter Africa continuously, the Chinese developed technologies are increasingly
applied in Africa. A novel precast prestressing composite structure, developed in China, is believed to have a good prospect in
Africa. In this study, a designh method of the novel precast structure based on the African design system was developed to promote
the application in Africa.

The structural design systems in Africa and China were compared to help designers know the difference between the two
design systems and develop a better design method for the new precast prestressed composite frame in Africa. It can be found that
the basic theory of the two design systems is similar, but the technical design parameters and equations are different.

The structural design method of the novel precast structure was built with African design system. The basic structural design
steps based on the limit state method according to Eurocodes were established, and the seismic design process for the novel precast
structure was also developed based on equivalent lateral seismic force method. Some important structural details of the novel frame
for earthquakes based on African manner were presented.

The developed detailed design method of the novel structure was applied by designing a four storey novel building structure
expected in Huye City at Southern Province of Rwanda. The design results were validated by comparison with results of the novel
four storey building structure constructed in Suzhou, China. It is shown that both design systems provide safe design since all the
results are within allowable limit, and the Chinese design method is more economical but the African design method is more

conservative.
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1. Introduction

Since the African continent has become an urbanization and ris-
ing investment destination in the world, Chinese companies have
been carrying out construction projects in different African coun-
tries in line with sustainable development. Chinese companies in-
tegration into African market is growing over years. Since 2005,
China won 32% of their total international revenue from African
countries [1].

In the construction industry in Africa, it was developed based
on China relationship with African Countries, as a result, Chinese
companies expanded across Africa in construction industry. Chi-
nese Construction Firms(CCFs) have had a good record in Africa
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basically due to its advanced technology in construction projects,
procurement of materials, financial sources and environmental
safety. Recently, China has introduced belt and road initiative pro-
gram which was intended to integrate Africa into Chinese con-
structed sustainable infrastructure development. Since 2000 to
2017, China choose belt and road initiative countries such as Dji-
bouti, Ethiopia, Kenya and Tanzania to be given a loan linked to
direct resource exploration and infrastructure projects usage. Due
to that loan these countries received, some building and transpor-
tation projects have been implemented [2] by CCFs. A research
showed a high competition where 40% of contracts for buildings
and transportation projects in Africa won by CCFs [3].
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A case study of Tanzania and Zambia showed a large amount
of the incorporation of Chinese companies into construction in-
dustry of Africa, on the ground that the indigenous companies
have lack of financial and technical capacity in major large scale
projects, consequently, Chinese companies based on these coun-
tries across Africa have big natural resources and evenly large and
stable market [4]. The Zambia’s construction industry was devel-
oped and is being flourished by Chinese construction companies
through bilateral cooperation between China and Zambia [5].

However, the CCFs face the same challenges as other construc-
tion companies such as political and economic instability, poor
quality of local workforce and construction materials [6]. Espe-
cially, they are not confident to use local labor due to communi-
cation barrier and lack of technical technologies among African
workforce. Not only this challenges, but also include low opera-
tion and maintenance skills which require a more conservative de-
sign with high safety [7].

On May 2, 2018, construction of the tall building shown in Fig-
ure 1 started in Egypt, and the 385 m high Iconic tower has offices,
hotels and businesses. The composite tall building structure co-
vers 65,000m? with 2 basements and 78 floors above ground level.
The Chinese Company called China State Construction Engineer-
ing Corporation (CSCEC) is implementing the project. The ex-
change of ideas between Egyptian and Chinese engineers will im-
prove the modern construction method and better cooperation in
infrastructure development design.

Figure 1. Iconic Tower in CBD Egypt (385m high), photo taken Junel7,
2021 with view of modern buildings.

They exist different types of composite elements including
steel-concrete composite, timber-concrete composite, steel-timber
composite, and plastic-concrete composite. Steel-concrete com-
posite is the composite element that is most commonly used in
construction. Precast composite structure refers to the use of struc-
tural steel and precast concrete made together so that the structure
behaves as one element. This precast composite structure has the
purpose to use the best characteristic strength of both different
materials and provide best performance that is more stronger than
it had when the individual components been used together without
monolithic liaison. The precast composite structure have great im-
portance: shorten the time for construction, good performance and
value, energy saving and emission reduction. In addition, the con-
crete encasement protect the structural steel from corrosion and
fire and composite deck provide an integrated services within the
channels.
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There are numerical investigations on steel-concrete composite
structures, the literature review for this study will focus on com-
posite structural members such as concrete filled steel tube col-
umns, precast hybrid steel-concrete beams and the steel-concrete
composite connecting joints[8].

Concrete is a material that is strong in compression, but weak
in tension. On the other hand, structural steel is very strong in ten-
sion, even when it is used in relatively small quantity. Steel-con-
crete composite uses compressive strength of concrete alongside
structural steel’s resistance to tension forces, and when they are
bound together results in forming a very high stiff material unit.
Due to the advantages such as fire resistance, combining high
strength, long life capability and lightness of steel with stiffness,
good ductility and damping, good energy dissipation capacities
and economy of concrete, Steel-concrete composite construction
has been increasingly used over decades in building industry,
bridges, high rise building construction and car park[8,9].

Referring to the Figure 2, some typical examples of composite
subassembly are presented such as composite beam, composite
slab and composite columns.

Reinforcement Concrete

Concrete

Headed stud
Figure 2. Details of a composite beam, slab and columns [9].
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Figure 3. common CFST joint configurations [9].
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Steel-concrete composite joints are accumulation of parts that
transfer forces from one member to others, the forces and mo-
ments of the members must be resisted at the point of joint. Euro- 150 [ Peak load (Pu) =149.5kN
code4(EN1994-1-1.5.2.8)[10] provided definition of composite
joint: a joint between a composite member and another composite,
steel or reinforced concrete member, in which reinforcement is
considered in design for the resistance and stiffness of the joint.
For the joints to respond effectively in moment resisting frames,
they have to satisfy the following criteria:
1.The applied design moment should be always less than the mo-
ment capacity of the joint.

2. The joint must have sufficient rotational stiffness. _150 k
3. The joint should have adequate rotational capacity (subse- : Peak load (Px) =176.2kN
quently referred to as ductility) to allow the connection to work as = , . 1 1 1 ,
plastic hinge. ¢ -3 =2 I 0 I 2 3 |
4. The applied shear resistance must be less than the shear re- Drift ratio (%)
sistance of the joint. Refer to the Figure 3.

S. Feng, D. Guan, Z.Guo et al [11] developed the assembly of (@) Specimen EJ-1
the joint between a new hybrid H-steel precast concrete (HSPC)
beam and concrete-encased filled steel tubular (CFST) column as 200 i ' T
shown in Figure 5 and 6. It was developed through laboratory ex-
perimental set up in order to assess the seismic performance based
on ductility, energy dissipation capacity, failure pattern, stiffness 100
degradation and hysteresis curve of the joint. The HSPC was con-
nected to CFST via cantilever H-steel section [12, 13-14].

To assess the suitability of the joint, the cyclic load reversed
test was conducted under use of three types of cantilever H-steel
beam: untreated beam section (EJ-1), reduced beam section (RBS)
(EJ-2) and open web beam (OWB) (EJ-3). The results indicated
that the hysteretic bahaviour stability of the joint with reduced
beam section occurred at a drift ratio of up to 4.75% (refer to Fig- -130
ure 4) and a significant ductility and the cumulative energy dissi- o , L L
pation capacity was 8.8 times that of original specimen. Con- 6 ! 2 0 2 4 6
versely, the enhancement in the steel section with OWB in subas- Drift ratio (%)
sembly was poor compared to the original specimen. Therefore,
the subassembly with reduced beam section(RBS) was considered (b) Specimen EJ-2
to resist in seismic region. Refer to the Figure 4 below [15, 16].

Design methods of the steel-concrete composite design is a cru- 200 , - - , , .

cial step in steel-composite building construction. The steel-con- 160 |- ek T 0P =149, 1
crete composite design is done to make safer the building structure.
The major structural composite members in steel-concrete com- 0
posite structures are reinforced against bending and vertical shear
forces. The shear connector are designed and incorporated be-
tween the surface of steel and concrete for composite beam and
slab [17,18].
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Figure 4. Hysteresis curves of specimens under cyclic loading [11].
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Figure5. Construction processes of the developed precast joint CFST
column and HSPC beam [11].
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Figure 6. Concrete encased-CFST columns  with cantilever H-steel

beams [11].

In the common analysis of composite sections, the follow-
ing conditions are assumed :( EN1994-1-1), as follows:
1.Concerete is assumed to carry zero tensile stresses in both elastic
theory and plastic theory.

2. In elastic theory, concrete in compression is transformed into
an equivalent area of steel by dividing its breadth by the modular
ratio E./Ee.

3. Plane sections of the structural steel and reinforced concrete
parts of a composite section each before bending remain plane af-
ter bending [19,20-22].

4. in plastic theory only,

a) Concrete in compression resist a stress of 0.85f.s where
fe=fe/yc, which does not change over the whole depth between
the plastic neutral axis and the most compressed fibre of the con-
crete.

b) The structural steel member is stressed to its design yield
strength fys=fy/ya. Transformed sections are not used.

2. The novel precast prestressing composite frame

As the development of the architectural industrialization career
in China, tremendous precast structures are designed and con-
structed across different areas of China, including precast concrete
structures, precast steel structures and precast timber structures.
However, the widely-applied precast concrete structures are emu-
lative system, of which the construction efficiency is relatively
low relying on a large amount of labors. Precast steel structures
require coatings and other protective measures for fires and cor-
rosions, making the construction cost relatively high. Therefore,
many investigators and engineers are developing and seeking a
satisfactory precast structure.
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(c) The constructing stage of the structure
Figure 7. The novel precast prestressing composite frame in Suzhou,
China

A novel precast prestressing composite structure, which was
believed to have a good prospect of application, was developed by
the research group that the author belonged to in School of Civil
Engineering at Southeast University, China. The columns are
made of concrete filled steel tube (CFST) surrounded by rein-
forced concrete wall for fire proofing. The beams are precast pre-
stressed beams in the middle span and the ends are made with H-
steel beam connection embedded into precast beam in the joints.
A through diaphragm was used to connect either circular or rec-
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tangular steel tube column with H-steel cantilever beam embed-
ded in precast prestressed beam as shown in the Figure7. At
construction sites, the precast prestressed composite beams are
connected to the precast composite columns through bolts for the
webs and weldings for the flanges.The columns are connected
with each other by steel plates welded at columns end sides and
with bolts to connect steel plates at both columns ends connection.
After the installation of slabs, concrete is poured for the
monolithic layers. This novel structure has been constructed as an
office building by ZYF Company in Suzhou, China, proving the
high efficient construction and satisfactory load-bearing capacity
of static loadings.

The use of precast prestressing steel-concrete composite units
is essential in promoting the sustainability and resilience of infra-
structure in Africa and around the world in general. In addition,
precast units are environmental friendly and reusable. Prestressing
units will allow load balance to be placed in the structure to antic-
ipate service loads. This will bring many benefits to the building
frame such as:

1. Span can be increased without increasing structural depth

The load balance reduces the service deflection, which causes the
span length to increase without the need for structural depth in-
crease, and the number of supports is reduced.

2. Reduction of structural thickness dimensions

The lower service deflection allows the use of thin structural sec-
tions in the building that lead to more service areas.

3. Construction time is reduced,;

The precast beam can be installed and connected to the precast
column in the similar way with the quick construction of steel
structures. The precast units are fully stretched and braced within
five days, after which a few formworks are removed and can be
quickly used for the next phase of building construction. Alterna-
tively, when the precast unit is manufactured at the factory, it must
be installed in a very short time with minimal labor cost.

4. Cost savings for fire-proof materials;

For the steel components in this structure, the concrete is poured
to encase them in a manufacturing factory as fire-proof materials,
which is cheap and easy to be prefabricated. The layers of the fire-
proof concrete outside the steel elements commonly remain ap-
proximately 50 mm. Therefore, the steel components are pro-
tected well with relatively low costs.

For this novel precast prestressing composite frame structure,
as the advantage of the force combination; the encased steel is
more protected against corrosion and fire, and no maintenance is
required. The concrete inside rectangular steel tube column is well
confined and no need of additional rebar in concrete because the
column bearing capacity is adequate. The H-steel beam section in
the ends of beam in the connection between beam and column is
more strong compared to other connection in precast structures.
The connection of column with each other is more strong com-
pared to other connection in precast structures. It consists of steel
plate welded on column sides at end of each column and the con-
nection is made of other steel plate fixed at end of each side of
columns with the help of bolts.
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3. Materials and Method
3.1. Materials

The novel precast prestressed composite frame was developed
and applied in China. A comparison was made between the struc-
tural design system in Africa and China to know the difference,
which can help develop a better design method for the new precast
prestressed composite frame in Africa. In general, the structural
design system in Africa is based on Eurocode0 for the basis of
structural design, Eurocodel for the loads on structures, Euro-
code?2 for the design of reinforced concrete structures, Eurocode3
for the design of structural steel structures, and Eurocode4 for the
design of steel-concrete composite structures, and Eurocode8 for
the design of earthquake resistant structures in most of the African
countries.

There are many design codes for structures in China. In this pa-
per, the general structural design system in China is thought to be
based on the several basic design codes, i.e., GB50010 Code for
the design of reinforced concrete structures, GB50009 Load code
for design of the building structures, GB50017 Code for design of
steel structures, JGJ138 Code for design of composite steel struc-
tures and GB50011 Code for seismic design of buildings. There-
fore, the comparison of both Eurocodes and Chinese codes was
employed to help Chinese and African designers to know the two
structural design systems well and the difference between them,
and the developed design method according to African manner
was based on limit state method and design steps were proposed.

3.2. Method

The possible design method based on African manner is the
limit state method according to EurocodeO, Eurocodel, Euro-
code2, Eurocode3, Eurocode4 and Eurocode8. A three-D model
was transformed into a two-Dimensional plane frame. Computer
program (ETABS software) can be used to assist in analysis and
design of the frame members based on stiffness method in
Rwanda, Africa. The frame member sizes are selected, loads of
the frame are estimated, bending moment, axial and shear forces
are computed, and prestress is applied. Then the planned structure
is checked for both ultimate limit state and serviceability limit
state. The analysis and design is done based on the assumption
that the materials behaviour are linear and elastic [23]. The design
method of critical elements such as composite beam, columns, and
connections are discussed in design steps below.

3.2.1. Basic design steps of the novel structure based on
African manner

At the initial stage, the structural modelling of the proposed pre-
cast prestressing composite frame was developed. The simplified
structural analytical model was developed based on load distribu-
tion, geometry of the structure, its supports and the estimated de-
formation of the structure [23]. Then, the critical elements can be
designed following the design steps and design formulas which
are expressed below.

Stepl.Establishment of the structural layout plan

Step2.ldentification of the Elements of the frame and materials
properties
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Step 3.Determination of the characteristic values of loads
Step 4. Preliminary design of member sizes of a structure.
1. Preliminary design of beams

The basic parameter of the beam can be obtained using the fol-
lowing expression first:
M1—0.85M,
Zom = fet,t—0.85fcco (1)
where Zym is the section modulus at the bottom fiber of the
beam; My is the moment due to total service load; Mo is the mo-
ment due to selfweight; f. is the tensile stress limit of concrete at
bottom fibre after prestress forces finish transfering; feco is the
compressive stress limit of concrete at bottom at prestress forces
finish transferring. According to Code EC2, the values of fe, feto,

feerand feco  are concrete stress limit which are selected for design.

Then the trial depth of beam section is given by the following
expression:

h= \/thm X 6/bw (2)

where by, is the width of beam section which is assumed ac-
cording ordinary details of beams[23].

Check that the deflection of the initially-determined beam ac-
cording to the requirement, i.e., the trial section should satisfy the
following expression:

w otxl4
I 2 ﬁ Ec‘r;;mlux (3)
where W is the total unbalance load; L is the span of the beam;
Ecm is the elastic modulus of concrete; Vimax is the limiting maxi-
mum deflection, 1/500; and g is deflection coefficient equal to
5/384.

Determine prestressing force and eccentricity required at mid-
span of the beam. The section properties a:wp and apm are obtained
by the expressions, i.e., awop= AlZip and apm= AlZpm, Where A:
Cross section area, auwp: the ratio of area to section modulus at top
fiber of beam and aum: the ratio of area to section modulus at bot-
tom fiber of beam, and Z: section modulus at top fiber of beam
[23].

The following expression provides the upper and lower limits
of prestress at transfer and after transfer, respectively: at transfer

AfctotaropMo

<
Pmo - QAope—1 (4)
—Afcc,otaptmMo
< cc077btm 0
Pmo - aprme+1 (5)
after transfer
—A +a M
fet,t TAbtmMT
> _Jeut Totm 77
Prmo > Q(aprme+1) (6)
Af ccttAtopMT
> Jceot Ttop T
Prmo > Q2(atope—1) (7)

where Q is time-dependent loss of prestress and e is excentricity
to resultant prestressing force; Pmo is prestress force applied
feer: the tensile strength of concrete after transfer, feo:the tensile

strength of concrete at transfer , f..::compressive strength of con-
crete after transfer and f.co:compressive strength of concrete at
transfer[23,24-26]

The two ends of beam are made of short H-steel beam embed-
ded into concrete precast prestressed beam. The top and bottom
steel reinforcement are welded on top and bottom of H-steel beam
flange with the help of stud connectors. According to expermi-
ment done [27]. The connection between steel reinforced concrete
(SRC) region and reinforced concrete (RC) region is designed fol-
lowing the model of the experiment done. Refer to Figure 8, below
[28, 29-30].

M, Mo
SRC region RC region 1
} " |
.I-'Ll Ls | l,o:ldingt
L J
N
Figure8. Calculation sketch of hybride steel precast concrete (HSPC)
beam [11].

The distance L, Ls, L is taken similar to that one in experi-
ment. However, the dimensions of H-steel beam section and con-
cerete filled rectangular steel tube section can be different accord-
ing to the loading of the structure being designed. In Figure 8, M,
is the ultimate flexural capacity at the interface between beam and
column, and can be calculated using EN1994-1-1, as follows:

Mb = FRd Xz (8)
Where Frq is the axial force resistance, and z: lever arm. De-
tails can be seen in Table 1 below.

Table 1.welded connection at the interface between beam and column
(EN1993-1-8, 6.2.7)

Type of connection Centre Of. Lever arm Force distributions
compression
a)  Welded connection In line with the |z=h-1t;
T mid thickness L
Mg of the . h s the depth of
T |m———— compression the connected
. % I flange beam Tz TR
! | J Iy 1s the thickness
(. of the beam R
1P flange

In Figure 8, above, M is theoretical flexural resistance in the
central section of H-steel region; Myr: is the theoretical flexural
resistance of the end section at RC region; My is the ultimate
flexural capacity of the central section of H-steel beam; My, is the
ultimate flexural capacity of the end section at RC region.

For the plastic hinges to be formed within SRC region, the follow-
ing equations must be followed:

Mot / Mipe <1 )
Mor/ Mipr> 1 (10)
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2. Preliminary design of column

The size of the column is derivered from plastic resistance to
compression Npirg Of @ composite cross-section which is ex-
pressed by the following equation:

t_f_'y

NpI,Rd =Na Aa fyd + Acfcd (1+77c dfon

(11)

Where Npira: plastic resistance to compression,t: thickness of
steel tube ,d:diameter of steel tube , Aa: cross section area of steel
fya:design tensile strength of steel, Ac:cross section area of con-
crete, fcq:design compression strength of concrete, fy:yield tensile
strength of steel, fo:characteristic tensile strength of steel, 7, and
nc are reduction coefficients of steel and concrete respectively.

In Eq.(11), no longitudinal steel reinforcement is considered ac-
cording to the novel precast composite structure.

The increase in strength of concrete due to confinement in con-
crete filled circular tube may be taken into account if the relative
slenderness A defined in EN1994-1,Clause 6.7.3.3(2) does not ex-
ceed 0.5 and e/d <0.1, where e is the eccentricity of loading given
by Meq /Ngg and d is the external diameter of the column. Other-
wise stated, for e/d > 0.1, the values of 7. = 1.0 and 7. = 0, then
Npi,rd Should be calculated by the following equation:

NpI,Rd = A fyd + Acfcd (12)

Step 5. Load estimation

Step 6. Estimation of load combination for ultimate limit state de-
sign

The following equations can be used to determine the design
ultimate load (Weq):
Weq=1.35xDeadload+/.5xLiveload

Weqg = 1.35 X Dead load + Y, L X Live Load

(13)
(14)

where 1, is the factor for buildings according to ECO
(1990:2001,Table A1.1).

Step 7. Design of beams

1. Design of precast prestressing reinforcement

Using the above Equations 4 through 7, the minimum required
prestressing force at mid-span that satisfies all four equations can
be obtained with the eccentricity to the resulting prestressing force
at middle span of beam.

The immediate losses at mid-span is assumed and the jacking
force is determined as following :

f— PmO
p,= fme

; (15)

where Pj: is the jacking force, Pmo:applied prestress.

Assuming a seven-wires strand of 12.7mm diameter, the maxi-
mum stress in the tendon at jacking is the smaller value of 0.8 fx
or 0.9 froak, Where fp is the characteristic strength of strand, and
fooak is 0.1% proof characteristic strength of strand, hence the
jacking force per strand, Pjsirand Can be 0.9 fpo1c  *Area of strand,
and then the minimum number of seven wire strands can be found
by jacking force over jacking force per strand.
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2. Design of non prestressing reinforcement
a) Design of non prestressing steel rebars in tension

Considering a section of beam, effective prestress, Pm+, and the
area of prestressing steel, Ap, the cross section have been designed
to satisfy the serviceability of the regirements of the member.
With the stress-srain relationship according to EN1992-1-1, and
the design moment resistance of the section is calculated as the
following equation:

MRdlzﬂpudlAp (dp'% ) (16)

where opuq1:Stress in strand,Ap:area of strand,dp:effective depth to
strand,xi1:depth to neutral axis, A:reduction coefficient.If the de-
sign resistance(Mgq1) is greater or equal to the design ultimate mo-
ment( Megg), no additional non-prestressing reinforcement is
needed, but if Mgq; is less than Mgq, additional non-presstresing
reinforcement is required. Hence,

A > MEgq—MRad1
S
fyaxzz

(17)

where Mgq is the design ultimate moment; fyq is the yield
strength of reinforcement; Z is the lever arm between the design
tension force in the additional steel; Fsq and the equal and opposite
compression force Fcq, which results in the increase in the depth
of compressive stress block (refer to Figure 9 below) and A is the
area of reinforcement.

The lever arm between the design tension force in the additional
steel can be obtained refering to Figure 9 below as:

Z>=0.9(ds-Ax1) (18)

where ds. effective depth to reinforcement. Non- prestrssing re-
inforcements are provided in the tensile zone of the section of a
beam to provide additional flexural strength when the strength
provided by the prestressing steel is not enough. It improves also
crack control when cracking is anticipated at service loads.

| | B3 | ‘ Nfea |
I Fear=nfuabh,
==
v Mgar
dP v ) 7
74(:)77 A, Eptdl —— " a1  —>
f‘pldl = OpudlAp
(a)  Section Strain Stresses Forces
| b | €eu3 | ‘ NJed |
— —|
— Foar
‘ x> ] I Ax 4_' B
p . Feqp =1 feabM(x-x1)
d, |%p Al
Mpq |z,
74?77 AP Eptd% e ﬂ'pud — Fpld
L A £ >0y :fyd —>F, -

Section Strain Stresses Forces

(b)

Figure 9.Cross section containing tensile reinforcement [23].
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b) Design of non-prestressing steel rebars in compression

Considering the rectangular section of a beam below, the mini-
mum area of additional tensile reinforcement is given by the fol-
lowing expression:

—_ Mgg—Mpgq
As2

== J0% 19
) Osd(2)(dsz)—ds(1)) (19)

Where o4(,)-design stress in tension rebar(refer to Figure
10).The minimum area of additional compression reinforcement
is given by the following expression:

As(2)Tsd(2)
Osd(1)

Aspy= (20)
and the strain in both compression and tension reinforcement can
be greater than the strain in steel, hence the steel have yielded.

Scus (x_ds(l)
X

Esdy) = (21)

Ecuz (ds(z)—%)
X

Esd) = (22)

where dy() :effective depth to compression rebar, dse):effective
depth to tension rebar,scu3:strain of concrete £syqry :strain of com-
pression rebar, and £sq(z):strain of tension rebar. Non- prestressing
reinforcement are provided in top of the section to not only im-
prove the strength in compression zone, but also increase the cur-
vature at failure and improve ductility. It reduces long-term de-
flection due to creep and shrinkage, hence, improving serviceabil-
ity. Compression reinforcements are also provided to enhance an-
chorage and bearing for the transverse reinforcement in beams.
Closely stirrups are used to laterally brace the highly stressed bars
in compression and prevent them from buckling outward [31].

b Ecuz N/
f— f— f—
—_ Fog=nfeabhx,
| =T
-
b *v ) Mpay
¢ Ay Eptdl =] " Tpudi —_—
Fp[dl ="pud1-4p
(a) Section Strain Stresses Forces
b d Eou3 N fed
[e——+] *.-.in f——] f——|

Faapn)

Tsd(t)
[ [ =

. T Ay
v
du

dyy)
5(2)
1 ) Mpy
‘ ——?—— 4, Ecpldl " Tpudi > Foan
Ay sdi2) F* S =fa —* Fup)

(b) Section Strain Stresses Forces

Figure 10, doubly reinforced section [23]

3. Check of the resistance to bending at mid-span

The design load Weq is found by using Equation 13 or 14 in
Step 6 and the design moment (Mgg) at mid span is found by using
this expression:

WgqlL?
8

MEd = (23)
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The ultimate resistance moment of a rectangular section con-
taining both prestressing steel and non prestressing steel is found
by this expression:

Mea = 0upoAp (dp- = )+ fohs (ds- 5) (24)

fpd Ap

where x= /1 is the depth to the neutral axis of the section,

Mead

foa=0.9fn/ys is the design strength of prestressing steel, A, is area
of prestressing steel, fcq is the design compressive strength of con-
crete and b is the width of beam section, d, and ds are effective

depth to prestressing steel and non prestressing steel, respectively.

For a section with non prestressing steel, Mrq should be greater
than Mgq, which can be computered as follows:

A
MRd = JupdAp (dp '?x ) (25)
No non-prestressing steel is required for the section, the section

has adequate flexural strength with ductility. Otherwise, the sec-
tion will require non prestressing steel reinforcement.

4, Check of shear resistance

The shear is checked at 1 m and 2 m from the face of the column
support , and whether the shear resistance of the beam is greater
than the design shear ,Vr4c > Veq, should be checked. Shear re-
sistance should be:

Ib
VRrde = TW\/(.fCtd)z + a10¢p fcta (26)
where S:is the first moment area of the section, I is the second
moment area of the section, ac,. is concrete compressive stress
due to axial load and prestressing, fcw is design concrete tensile
strength ,by:width of beam and a1= ly/l, < 1.0  a reduction coef-
ficient.

5. Minimum clear spacing between pretensioned tendons

Horizontal clear spacing of between pretensioned tendon
should be greater than the maximum of dg+5, 2 and 20mm, and
vertical clear spacing be greater than the maximum of dq and 2@,
where @ is diameter of pretensioned tendon and dq is maximum
size of aggreagates[31].

6. Design of ends connections of beam

According to Figure 8, the value of My and My, can be calcu-
lated assuming the rectangular stress block for composite beam in
EN1994-1-1 in similar way as the experiment done(Feng et al.,
2021). My can be obtained based on that the neutral axis is within
the web of the H-steel beam and that the sectional area of the top
steel flange is equal to that of bottom steel flange. Considering
force equilibrium, the equation for reduced H-steel beam sec-
tion(RBS) as per previous experiment can be obtained as follow:

fcc bc +fawAw,co = faw Aw,t (27)

The equation for RBS region is obtained considering the
moment equilibrium:
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Mot = farAur(h-C-as;r) +0.5faw Awy (N-C-as1) +atAni(C-

asyco)+0.5fawAW1c0(C'asyc0)+O.5fcc bCz (28)

where fc is the axial compressive strength of concrete that is
determined as 0.85fcq, far and fa are the yield strengths of the
flange and the web in H-steel, respectively; as; is the distance be-
tween the flange of H-steel in the tension zone and the tensile edge
of the cross section; as ¢ is the distance between the flange of H-
steel in the compression zone and the compressed edge of the
cross section; ¢ represent the depth of the neutral axis. Moreover,
Aur and Ay are the sectional areas of the upper and bottom flanges,
respectively, in H-steel. Ay and Aw; denote the sectional areas
of the beam web in the compression and tension zones, respec-
tively (refer to Figure 11).

Jecbx

. Comprcssionf
—— —_f(‘;_quf +_ :‘m‘Au\rw

_.._ZODE_
Neutral axis

_/(‘{J‘An'gf +_){:‘r|rAu\l

Tension zone

(Equivalent stress distribution)

Figure 11. Center cross-section of the reduced beam section (RBS) [11].

The Figure 11 can be used to calculate the flexural resistance
under sagging moment

To ensure good strength of the connection between the H-steel
beam and RC beam, it must satisfy:

faf A (L—Ls)

A >
s fs L=L¢)

(29)

where A is the area of steel reinforcement, f,; is the yield
strength of steel and ,A; is the sectional area of the steel flange, L
is the distance from the face of column to the point of loading, Ls
is the distance from face of column to the end of RC region, and
L. is the distance from face of column to center of H-steel section
beam on Figure 8, above.

The required area of the H-steel A, is determined by

Aafyd (hathe-ho/2) > Meq (30)

Where Aa: cross section area of steel, fyq: design tensile strength
of steel, h, : depth of steel section h:thickness of slab, h¢:thickness
of overtoping slab, and Mgg:design moment.

Step 8. Design of composite column

The ultimate moment of resistance (M) can be calculated based
on stress block diagram for concrete filled rectangular steel tube
columns according to BS5400: Part5,C.4.2.5[32] as follows

(h—dc)

My = 0.911,[4s =22 + bty (t7+d, )] (31)
_ As—2bf t¢

= o) 2
_ 04fcy

T o091p (33)
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where A is area of rolled steel section; h is depth of concrete in
filled rectangular hollow section, d. is depth to the neutral axis
from most compressed face of concrete; t; is the average thickness
of the flange of steel section; by is the external dimension of width
of rectangular hollow section; p is the ratio of the average com-
pressive stress in the concrete at failure to the design yield strength
of the steel.

04 bdcfey 2yt 10814, |

1
1

[

24d, (2x0.91F)

[ 09145, |

Figure 12. Force diagram for calculating Mu[32].
Step 9. Design of beam to column connections

1. Connections between concrete filled steel tube columns and H
steel beams

According to the provision given in EN1993-1-8, steel joint
design method can also apply to steel-conrete composite joint de-
sign in EN1994-1-1. In the beam-column connection, an H-steel
beam is welded onto column by inner diaphragms. The H-steel
beam is connected to precast prestressing beam by means of weld-
ing H-steel flange with both top and bottom steel reinforcement in
precast prestressing beam. At the top of H-steel beam, there is
shear studs to assist in preventing horizontal slide between beam
and top slab. The H-steel beam embedded on the column and the
one embedded in beam are connected by means of welds at top
flanges and web plate with bolts at both web sides. The dimension
of H-Steel beam are obtained from steel profile data base (Euro-
pian beam). To ensure enough strength of connection between the
H-steel beam and RC beam , the total area of reinforcement that
transmit normal stress to the top and bottom of the beam should
be greater or equal to sectional area of the H-steel flange.The de-
sign resistance of bolts are given in Table 3.4 of EN1993-1-
8:2003[33].

Headed stud connectors are provided and can have the follow-
ing dimensions: h>3d , d, >1.5d and hq > 0.4d, where h is overall
height of stud, dn is diameter of head of stud, d is diameter of
shank of stud, hq is depth of head of stud (EN1994-1-
1:2004,Clause 6.6.5.7). For welded stud on top of flange of H steel
beam, the diameter of welded stud should not exceed 1.5t;, where
tr is the thickness of the flange, and the spacing of shear stud
should not be less than 5d in the direction of shear force and 2.5d
in the transverse direction of shear force in solid slabs and 4d in
other cases (EN1994-1-1:2004, Clause 6.6.5.7). The design shear
resistance of headed stud should satisfy this expression:

0.8, nd? /4
Yv

Where f, is the ultimate tensile strength of the material of stud
not greater than 500N/mm? , d is the diameter of the shank of the
stud, 16mm <d <25mm and y, is the partial factor 1.25 (EN1994-
1-1:2004, Clause 6.6.5.7)

(34)

Rd =
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2. Resistance of welded joints between H-steel beams and Rectan-
gular hollow sectional tube columns

The design resistance of welded joints connecting H-steel
beams to (rectangular hollow section (RHS) member is given in
EN1993-1-8, Table 7.13)[33].The design internal axial force
(N1,eq) should not exceed the design axial resistance (Nigqg) Of
welded joint Ny rg >N gq,

N1 rd=fyoto(2t1+10tg) yms

Mip,1,rd =N1rd (h1 — #1)
details are found in the Table 7.13 of EN1993-1-8,

(35)
(36)

4. Resistance of bolts in beam to column bolted connection

The design resistance of bolts in beam to column connection is
given in EN1993-1-8, clause 3.1.1.(3). The yield strength (f,,) and
the ultimate tensile strength (fu,) of bolts of classes: 4.6, 5.6,
6.8,8.8 and 10.9 are listed in Table 3.1 of EN1993-1-8. These val-
ues in Table 3.1 are taken as the characteristic values in calcula-
tions [33, 34].
a) When the bolts are in shear and tension

When the bolts are in shear, it should be designed as bearing
type in category A(EN1993-1-8,clause 3.4.1(1)(a). When the bolts
are in tension, it should be designed as non-preloaded in category
D(EN1993-1-8,clause 3.4.2(1)(a), EN1993-1-8, Table 3.2,cate-
gory of bolted connections.

The following formulas are adopted for both bolts in shear and
tension resistance.
(i) For bolts in shear

Fvea<Fvrs and Fyes<Fhrd,
(if) For bolts in tension
Fiea < Fira and Fyed < Bprd,

b) Position of holes for bolts on the plate

According to EN1993-1-8, the minimum and maximum, end
and end edges distances are provided as following:
Minimum end distance e; =1.2d, ,maximum e;=4t+40mm, where
d, is the diameter of hole and t is the thickness of the thinner outer
connected part. Figure 13 shows the position of the holes.
Minimum end distance e, =1.2d,, maximum e, = 4t +40mm.

Minimum spacing p1=2.2d, , maximum spacing p1=14t or 200mm.
Minimum spacing p,= 2.4d,, maximum spacing p,=14t or 200mm.

Pi— ¢
_G,b - _43 _ _4?_ f‘;z
— %%
Figure 13. Position of hole for bolts [33].

c) Design resistance of bolt

Based on EN1993-1-8, Table 3.4, the formulas for design re-
sistance of bolts in shear, tension and bearing are provided as fol-
lowing:

(i) Bolts in shear resistance

The shear resistance per shear plane can be obtained as:

_ AyfypA
Fv,Rd - Yz

@37)
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Where the shear plane passes through the threaded portion of
the bolt (A is the tensile stress area of the bolt As ).

oy =0.6 for bolts of classes 4.6,5.6, and 8.8
ay =0.5 for bolts of classes 4.8, 5.8,6.8,and 10.9

Where the shear plane passes through the unthreaded portion of
the bolt (A is the gross cross section of the bolt) a, =0.6
(ii) Bolt in tension resistance

k u S
Fypa = 22 (38)
M2
Where k;=0.9
Bpra = 0. 6Hdmtpfu / ™2 (39)

Bprd IS punching shear resistance , dn is diameter of bolt, t, is
threaded height of bolt in plate and f, is ultimate strength of bolt
[35,36-38].

(iii) Bolt in bearing

kl abfu dt

YM2

(40)

Ft,Rd =

fub

Where ay, is the smallest of aq , r

u

or 1.0, d is the diameter of

bolt ,t = threaded height of bolt In the direction of load transfer,

forend bolts, s = =X, og=

P. 1 . .
=L~ — = for inner bolts Perpendic-
3d, 4

3d,

ular to the direction of load transfer, For edges bolts, k; is the
smallest of 2.8;—2 -1.7 or 2.5 For inner bolts, k; is the smallest

()

of 1.42—Z -1.7 or 2.5.For one bolt row in single lap joints, the de-

(4

sign bearing resistance for each bolt should be limited to: Fpra <
1.5 fudt /yme.

4, Results and Discussions

4.1. Results of seismic analysis and design of four storied office
novel precast prestressing composite frame

4.1.1. Establishment of the numerical model

The analysis and design was carried out using the above basic
design steps and ETABL17 software for model building and inter-
nal forces calculation. The 3D model is shown in Figure 14 below.
The results are validated with that one of four-storey building of-
fice of the developed novel structure constructed in Suzhou, China
by ZYF Construction Group Co., Ltd. The novel structure has the
floor plan dimensions of 63.6mx=20.6m where ground floor height
is 5.5m .and typical storey height is 4.2m. Bending moment dia-
gram can be seen on Figure 15. The design parameters are shown
in the Table 2, Table 3, and Table 4.
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Table 2. Selected Materials properties according to African manner

(EC2) and Chinese design system

Table 3. Load conditions according to African manner(EC1) and

Chinese design system

Values
Material properties African Chin
design ese
system desi
gn
syste
m
Unity weight of masonry 21kN/m3 | 21kN
/m3
Unity weight of reinforced concrete 25kN/m?® | 25kN
/m?3
Grade of concrete C35/C45 | C40
or
fek =35
Grade of rebar B400 HRB
400
Grade of steel S235, Q23
S355 5,
Q355
Modulus of elasticity of concrete(Ecm) 34,000M | 32,50
Pa O0MP
a
Initial modulus of elasticity (Ecm(to) 30,000M | -
Pa
Modulus of elasticity of steel 210,000 | 200,0
MPa oom
Pa
Grade of prestressing steel(strand) 1860MP | 1860
a MPa
Initial characteristic strength of concrete (fc | 17.6MPa | 26.8
(to)) MPa
Initial mean tensile strength of concrete(fem | 2.8MPa -
(to)
Mean tensile strength of concrete (fctm) 3.2MPa -
Tensile strength of concrete at transfer of p | fct0=0.5f -
restress(fcto) ctm(to)=1.
4MPa
Compressive strength of concrete at transfer | feco = - -
of prestress(fcco) 0.5 fut
0)=-8.8M
Pa
Tensile strength of concrete after transfer of | fct:=0.5 -
prestress(fet1) fem=1.6
MPa
Compressive strength of concrete after trans | fect = - -
fer of prestress (fcc,t) 0.5fx =
-17.5MP
a

Load conditions Values
African design Chinese desi
system gn system
Dead load Self-weight of str | Self-weight o
uctural members f members
Live load for office(minimu 2kN/m? 2kN/m?
m)
Live load on roof 0.5kN/m? 0.5kN/m?
Plaster on floor 0.4kN/m? 0.4kN/m?
Floor tiles 0.45kN/m? 0.45kN/m?
Gypsum mortar under floor s | 0.36kN/m? 0.36kN/m?
lab
Iron garvanized sheets 0.12kN/m? 0.12kN/m?
Truss 0.3kN/m? 0.3kN/m?
Purlins and system bracing 0.1kN/m? 0.1kN/m?
Gypsum ceiling 0.1kN/m? 0.1kN/m?

Table 4. Earthquake parameters

em

African design syst

Chinese design
system

Location Southern Province Suzhou, China
of Rwanda, Huye
City
Seismic zone(earthquake | | VI with PGA 0.1 | 7 with PGA 0.
evel or intensity) 0Og 10g
Earth quake design group | - 1
Ground type(Site class) Type C Site class Il
Importance factor 1 -
Time period(Vibration per | T= CH¥ Ci= 0.0 | 0.45s
iod)T 5, H=18.1m T=0.4

4s

Earthquake load direction | X and Y direction

X and Y directi
on

Diaphragm type Rigid

Rigid

Type of analysis Linear Static

Linear Static
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Figure 14. 3D View of the model in ETABS software
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Figure 15. Bending moment diagram

4.1.2. Design results

After the analysis and design using basic design steps and
EABS17 software, the following Table 5 shows the detail design
results which were validated with that one of four-storey building
office of the developed novel structure constructed in Suzhou,
China by ZYF Construction Group Co., Ltd.

Table 5 Validation of detail design results

Structural member

African design syst
em

Chinese design syst
em

Precast prestressed
slab

160mm thick,80mm

in situ casting,5str
ands 12.7mm each
flat duct, overall th
ickness of composit
e slab=240mm

140mm thick,100m
m in situ casting,3
strands each flat d
uct, overall thickne
ss of composite sla
b=240mm

Precast prestressed
beam mid-span

h=900mm,bw=400m

m,As top=5T25,As

btm=3T25, 5strands
12.7mm,

h=900mm,bw=400m

m,As top=7T20,As

btm=5T20, 3strands
12.7mm,

End of beam conn
ection with H-steel
beam

H700x300x13x24m
m

H700x300x12x18m
m, H800x300x12x1
8mm

Concrete filled rect

External columns

External columns

Bolt)

angular steel tube | 650X550mm(550x4 | 650x550mm(550x45
columns 50x20mm) 0x16mm)
Internal columns Internal columns
850X750mm(750x | 600x500mm(500x40
650x24mm) 0x16mm)
HSB(High Strength | M27 M22

According to Table 5, the design results from African design
system are greater than that ones in Chinese design system. For
instance, the web and flange thickness of H-steel beam section are
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greater than that ones in Chinese design system but, the height and
width are the same. This means that more steel is used in African
design system, and the African design system is more conserva-
tive while Chinese design system is more economical. In addition,
the safety factor for dead load and live load in African design code
is greater than that in Chinese design code.

Regarding design of prestressed members, the African design
code use more strands and greater section thickness than the Chi-
nese design code, however the grade of strand is the same.

The ETABS 17 software was employed to assess the seismic loads
effects in both African and Chinese design system, and the results
are summarized in the tables and figures below.

Table 6. Comparison of the seismic actions

Chinese Design system | African design system
Storey Fi(kN) Storey Fi(kN) %difference
1 512.62 1 529.78 2.673
2 892.79 2 912.24 2.132
3 1279.35 3 1307.37 | 2.143
4 1309.92 4 1328.37 | 1.389
Average | 2.1
Seismic distribution force in each storey
4
T 3
2
A
(@]
&5 2
1
300,00 600,00 900,00 1.200,00 1.500,00

Seismic action(KN)
—@— Chinese design system —@— African design system

Figure 16. Seismic distribution force in each storey

From analysis done, comparing the seismic base shear or the
expected lateral force on the base of the building structure due to
seismic loads, it is found that Fgc=4,054.47kN in Chinese design
system is less than F, = 4,077.53kN in African design system.
This is due to the fact that the seismic map of Rwanda, where the
site is located with earthquake intensity of 6 with PGA 0.10g is
close to that one in Chinese system which is 7(0.10g), but have
different design spectrum such as Sq(T1) = 0.0871g for African
method and amax=0.08 for Chinese method[39,40].

The seismic force in each storey in African design system is
greater than that one in Chinese design system by average 2.1%,
as indicated in Table 6. Therefore, this indicates that the African
design system considers the building structure to resist much ap-
plied earthquake forces more than Chinese design system and it is
more conservative. Figure 16 shows the curves which indicate the
trends of seismic force distribution in each storey. For both design
systems, the curves show the increase of seismic force with the
height of the building. Therefore, the higher the building is, the
greater the earthquake effect is, and in multistorey building design,
earthquake effect should be highly considered and especially in
high seismic zones, more precaution have to be provided.
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Table 7. Max interstorey drift in X direction due to earthquake

Chinese Design system | African design system
Storey Drift (%) | Storey Drift | %difference
(%)
1 0.0533 1 0.0544 2.0
2 0.0522 2 0.0551 5.3
3 0.0391 3 0.0411 4.9
4 0.0228 4 0.0229 0.4
Average | 3.1
A Max storey drift in X-direction due to EQ
E 3
&
S 2
w
1
0 0,02 0,08

0,04 0,06
Max storey drift(%)
—@— Chinese designsystem —@— African design system

Figure 17. Max interstorey drift in X-direction due to earthquake

Table 8. Max interstorey drift in Y-direction due to earthquake

Chinese Design system | African design system

Storey Drift (%) | Storey Drift %difference
(%)

1 0.0584 1 0.0608 3.9

2 0.0598 2 0.0626 4.5

3 0.0457 3 0.0468 2.4

4 0.0278 4 0.0285 2.5
Average | 3.3

Max storey drif in Y-direction due to EQ

< 3
2
>
S 2
(2]

1

0 0,02 0,04 0,06 0,08
Max storey drift(%)

—@— Chinese design system
Figure 18. Max interstorey drift in Y-direction due to earthquake

Storey drift is the horizontal displacement of the floor relative
to the floor below. In Figure 17 and Table 7 above, the max storey
drift due to earthquake in X-direction under Chinese design sys-
tem is average 3.1% lower than that in African design system, and
in Y-direction in Figure 18 and Table 8, the Chinese design system
is average 3.3 % lower than that in African design system. This
indicates that the Chinese design system takes into account the
earthquake loads effect at higher level than it is in African design
system. In addition, both design systems are safe since the results
of storey drift do not exceed the maximum allowable limits, and
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the drift ratio (%) in each storey are less than 0.5% ,which indicate
that after the earthquake the building is repairable.

5. Conclusions

As Chinese construction companies remain entering Africa
continuously to carry out construction projects in different Afri-
can countries in line with sustainable development, the developed
construction method in China are most likely to be applied in the
old continent. A novel precast prestressing composite structure,
developed by Chinese investigators and constructed by ZYF
Company in Suzhou, China, is believed to have a good prospect
in Africa. Therefore, this study aimed to design method of the
mentioned novel precast structures based on African manners to
help Chinese construction companies to design and implement the
novel precast structures in Africa. The work and conclusions of
this study are as follows:

1. The structural design systems in Africa and China was com-
pared to help designers know the difference between the two de-
sign system and develop a better design method for the new pre-
cast prestressed composite frame in Africa. The structural design
system in Africa is based on Eurocodes, therefore, main Euro-
codes were selected for the comparison. The comparison included
material properties, loads and load combination, design equations
for composite elements. It can be found that the basic theory of
the two design system is similar, but the technical design param-
eters and equations are different, thus, it is necessary to develop a
structural method based on African manners for the novel precast
structure.

2. The structural design method of the novel precast structure
was built with African design system. The basic structural design
steps based on the limit state method according to Eurocodes were
established, and the seismic design process for the novel precast
structure was also developed based on equivalent lateral seismic
force method. Some important structural details of the novel
frame for earthquakes based on African manner were presented.

3. The developed detailed design method of the novel structure-
was applied by designing a four storey novel building structure
expected in Huye City at Southern Province of Rwanda, of which
the earthquake parameters were close to the ones of Suzhou,
China. The design results were validated by comparison with re-
sults of the novel four storey building structure constructed in Su-
zhou, China. The strengths of connection between the H-steel
beam to concrete filled rectangular steel tube and between H-steel
beam and precast concrete portion, were verified using the recom-
mended formula from the previous experimental investigation
[11] and fulfilled the conditions and requirements.

Considering earthquake loads in design, the max interstorey
drift ratio is 0.0626% in African design system and 0.0598% in
Chinese design system. The interstorey drift in the Chinese design
system, is on average 3.3% lower than that in African design sys-
tem. The main difference of the determined structural details is
that structural H-steel beam profile section found in African man-
ners have greater web and flange thickness than that in Chinese
design system. The size of concrete filled rectangular steel tube
used in African design system is greater than that one used in Chi-
nese design system. Hence, it is shown that both design systems
provide safe design since all the results are within allowable limit,
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and the Chinese design method is more economical but the Afri-
can design method is more conservative.
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