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Simulation of The Effects of Valve Timing Misalignment on Performance 

in Spark Ignition Engines 

Emre Arabacı1* , Şule Öztürk2 , Serdar Halis1  

1 Automotive Engineering Dept., Faculty of Technology, Pamukkale University, Denizli, 20160, Türkiye 
2 Automotive Engineering Dept., The Graduate School of Natural and Applied Sciences, Pamukkale University, Denizli 20160, Türkiye 

ABSTRACT 
 
Engine performance can be improved by changing the valve opening (or closing) timing without any cam profile changes. In 

this study, a simple simulation model was created for valve timing misalignment, which is an assembly defect in the engine. Due 

to misalign, the opening angles of the valves have been changed between +20 degrees and −20 degrees compared to the normal 

opening angles. The engine performance resulting from this advanced and retarded valve timing was examined for a four-stroke, 

spark ignition, single-cylinder engine with an engine volume of 393 cc. In this study conducted for the 1000-7000 rpm engine 

speed range, first the in-cylinder pressure data were examined in detail and then the general engine performance parameters were 

examined. Accordingly, opening the valves earlier than necessary at low and medium engine speeds increases the maximum in-

cylinder pressure, and at high engine speeds, it reduces the maximum in-cylinder pressure due to excessive decrease in volumetric 

efficiency. It was observed that the volumetric efficiency, which was 0.89 at medium speeds, decreased to 0.70 due to misalign-

ment. Regardless of whether the misalignment is positive or negative, pressure fluctuations increase during the valve lapping 

process. Maximum braking torque occurs at medium engine speeds. Positive misalignment reduces braking torque, especially for 

low and high engine speeds. However, especially at high speeds, negative misalignment reduces the pumping torque. While the 

pumping torque for high engine speeds was −3.78 Nm, it increased up to −5.04 Nm due to positive misalignment. Whether it is 

positive misalignment or negative misalignment, brake specific fuel consumption tends to increase in both cases. At low and 

medium engine speeds, negative misalignment or positive misalignment always increases residual gas fraction. As a result of the 

study, it was seen that misalignment negatively affected engine performance. However, it is seen that the value accepted as refer-

ence is the optimum value for the operating speed range of the engine. With this study, it has been understood that valve timing, 

as well as valve system design, is vital for engine performance.  
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1. Introduction 

Perhaps humanity's most perfect invention, which has a greater 

impact on society, economy, and environment, is the reciprocating 

internal combustion engines [1, 2]. Although many researchers have 

made significant contributions to the development of internal com-

bustion engines, the historic breakthrough of Nicolaus Otto (1876) 

and Rudolf Diesel (1892) in the development of the spark ignition 

engine and compression ignition engine has been recognized world-

wide [1-3] As a result of the widespread use of these engine technol-

ogies, 25% of the world's oil is consumed. For this reason, it is esti-

mated that 10% of the world's greenhouse gases originate from in-

ternal combustion engines [4]. 

Internal combustion engines operate based on cycles in which se-

quential processes occur. A series of mechanical and electronic com-

ponents are needed for the formation of these cycles. The main pur-

pose of engine cycles is to obtain work. The process by which work 

is obtained is known as the expansion process [5-11]. In studying 

cycles thermodynamically, the focus is on obtaining work. In ideal 

thermodynamic cycles, intake and exhaust processes are neglected. 

However, the amount of work that can be achieved in a cycle is 

closely related to the geometric dimensions of the engine, the start 

of combustion and the performance of processes other than the ex-

pansion process. The gas exchange process is also an important pa-

rameter for a current engine. Because the performance of the intake 

process is very important to increase the exhaust process and energy 
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input to start a new cycle. The concept of increasing energy input 

can essentially be explained by the expression volumetric efficiency 

[10-15]. 

The amount of air sucked into each cylinder determines the 

amount of fuel that can be burned. Therefore, it is a very important 

design goal for the system to be able to flow as much air as possible 

into each cylinder (capacity to breathe at a certain rate). The degree 

to which burnt gases remaining from the previous cycle are expelled 

from the cylinder also affects the air flow entering the cylinder. For 

this reason, the exhaust process is at least as important as the intake 

process [5-11]. 

There are many parameters that affect volumetric efficiency. 

Some of these can be listed as quasi-static effects, flow friction in the 

intake and exhaust system, airflow choking in the intake valve, in-

cylinder heat transfer, and overfilling. Apart from these, valve timing 

as a parameter also directly affects volumetric efficiency [1, 10-12]. 

All these parameters are design features for an engine. 

The flow characteristic is different for each engine speed. To 

achieve high volumetric efficiency, separate valve timing must be 

designed for each engine speed. For this purpose, variable valve tim-

ing mechanisms are used in today's engines and thus the desire for 

high volumetric efficiency can be realized. Although there are vari-

ous strategies for variable valve timing, the most used strategy is cam 

phase shifting. Continuously adjusting the phase of the intake cam 

and exhaust cam relative to the crankshaft is the most common ap-

proach. This approach uses an intake valve shut-off adjustment 

range of approximately 40 degrees (± 20 degrees). With this method, 

approximately 5% torque increase can be achieved compared to a 

conventional engine [1, 16]. 

Valve timing is characterized by both the time the valves remain 

open and the time the valves open/close. For this reason, modified 

camshafts are preferred for a change in performance, especially in 

the engines of vehicles used for racing or hobby. 

There are studies on valve timing in the literature. Liu et.al. 

investigated the effects of intake valve timing misalignment on 

maximum volumetric efficiency and backflow in a single-cylinder 

diesel engine. In this paper, it was mentioned that the closing timing 

of the intake valve directly affects the amount of backflow and the 

amount of fresh filling, and for this purpose, only the effect of the 

change of the intake valve closing timing was examined in 1D and 

3D simulation models. As a result, he reported that the emergence of 

backflow is a gradual process, and that backflow is present when the 

engine reaches its maximum volumetric efficiency. Misalignment 

has been stated to approach zero only if the average valve closing 

speed approaches infinity [17]. Bücker et.al. conducted a study on 

in-cylinder flow control through variable valve timing in their paper. 

In this paper, it is mentioned that the in-cylinder flow is controlled 

by the cam phasing method on the intake camshaft. In this way, it is 

stated that volumetric efficiency will increase, and pumping loss will 

decrease. In this study, the underlying flow phenomenon, namely the 

effect of variable valve timing on tumble development and turbulent 

kinetic energy, is analyzed. The flow field was examined at a series 

of early, ambient, and late suction valve opening positions in the 

suction and compression processes. Variable valve timing has been 

shown to have a strong effect on mean vorticity and the local and 

temporal distribution of kinetic and turbulent kinetic energy. 

Additionally, it has been reported that the amount of turbulent kinetic 

energy in the intake stage is linked to intake valve opening, which is 

important for fuel injection and mixing [18]. Abidin et.al. examined 

the effect of camshaft rating on performance in a passenger vehicle. 

What is meant by camshaft gradation here is the coincidence of the 

markings determined for the synchronization of the crankshaft and 

camshaft movements. In this study, the authors experimentally 

examined the effects of forward and reverse exhaust timing on 

performance. The results showed that the later the exhaust valve 

opens, the more torque and power are obtained at low engine speed 

[19]. Sher et.al. conducted a study on valve timing optimization in 

which specific fuel consumption would be minimum and engine 

torque would be maximum in a spark ignition engine. The basic 

performance parameters of the engine were calculated using a 

computer program that simulates the real engine cycle. When both 

valves and spark timings were optimized, it was concluded that the 

optimal timing of each valve apparently depended linearly on engine 

load, linearly on engine speed, while the slope depended weakly on 

engine load. It has been reported that because of the optimization, 

the maximum torque was shifted to a lower engine speed [20]. 

It is clear from previous papers that engine performance can be 

improved by changing the valve opening (or closing) timing without 

any cam profile changes. However, it seems that one of the main 

factors in this timing is engine speed. This study was created based 

on this context. 

In this study, performance losses caused by incorrect installation 

of the timing mechanism during the maintenance of four-stroke in-

ternal combustion engines were investigated with a 1D simulation 

model. For this purpose, advance and delay conditions were created 

for a tested single-cylinder engine according to the reference state. 

Thus, the effects of valve timing misalignment on engine perfor-

mance have been revealed. 

 

2. Materials and Methods 

2.1. One Dimensional Engine Model 

Various licensed software are available for creating and analyzing 

realistic or quasi realistic simulations of internal combustion engines. 

In this study, a simulation program that allows 1D gas dynamics to 

be examined was used. Thanks to the program, the one-dimensional 

form of the Navier-Stokes equations governing mass, momentum 

and energy transfer for compressible gas flows is solved and sub 

models for combustion and emissions can be used [21]. Basic 

components in an engine were selected for simulation as shown on 

Figure 1. 

 

 
Figure 1. One-dimensional simulation model for single-cylinder engine 

 

For the intake valve, the intake port and intake manifold are asso-

ciated, and for the exhaust valve, the exhaust port and exhaust man-

ifold are associated. Additionally, a direct injection fuel system was 
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preferred in the model. The engine used for simulation is a research 

engine whose accuracy has been previously proven and tested in the 

simulation program. Some important features of the engine used in 

the model are presented in Table 1. 

 
Table 1. Specifications of the engine used for the simulation model 

Specifications Value 

Stroke 82.0 mm 

Bore 78.1 mm 

Conrod Lenght 150 mm 

Geometric compression ratio 10:1 

Stroke volume 393 cm3 

Intake valve diameter 35 mm 

Exhaust valve diameter 28 mm 

Intake process duration (IPD) 280°CA 

Exhaust process duration (EPD) 300°CA 

Intake valve opening (IVO) 330°CA 

Exhaust valve opening (EVO) 100°CA 

Intake valve clearance 0.15 mm 

Exhaust valve clearance 0.20 mm 

Intake valve lift 8.89 mm 

Exhaust valve lift 8.64 mm 

Rocker arm ratio 1:1 

Injection timing −100°CA 

Injection duration 20°CA 

Injection pressure 20 bar 

 

In the created model, two-zone Wiebe combustion model and load 

compensating Woschni heat transfer model were used. The Original 

Woschni heat transfer sub-model views the charge as having a uni-

form heat flow coefficient and velocity on all surfaces of the cylinder 

and calculates the amount of heat transferred to and from the charge 

based on these assumptions. The Load Compensating Woschni heat 

transfer sub-model uses Woschni's modified correlation which in-

cludes indicated mean effective pressure (IMEP) compensation. 

Chen-Flynn Correlation was used for friction losses. The ideal gas 

model was adopted for compressibility. RON 95 gasoline specifica-

tions were used as fuel. The fuel/air ratio is assumed to be stoichio-

metric for all cases. 

 

2.2. Valve Timing Diagram 

Internal combustion engines rely significantly on valve timing di-

agrams to regulate the intake and exhaust processes, facilitating the 

engine’s breathing functions. Therefore, it is necessary to determine 

the opening and closing timings for the intake and exhaust valves in 

the engine throughout the cycle. The valve timing diagram for the 

engine whose specifications are given in Table 1 is presented in Fig-

ure 2. Here, the exhaust valve is open between EVO (Exhaust valve 

opening) and EVC (Exhaust valve closing). Similarly, the exhaust 

valve is open between IVO (Intake valve opening) and IVC (Intake 

valve closing). The region between EVC and IVO is called valve 

overlap, and both valves are open in this angular range. As seen in 

Figure 2, the reference points in the valve timing diagram are TDC 

(Top dead center) and BDC (Bottom dead center). All angular rela-

tionships are presented according to TDC and BDC. For this reason, 

the camshaft and crankshaft must be engaged correctly. In case of an 

incorrect engagement, the valve timing diagram changes. However, 

the angle value between EVC and IVO does not change at all. For 

example, in a situation where EVC closes late, IVO also opens late, 

and in a situation where EVC closes early, IVO also opens early. 

 
Figure 2. Valve timing diagram for reference engine 

 

2.3. Model Parameters and Boundary Conditions 

In the simulation model created, the parameters related to valve 

timing are IVO, EVO, IPD, and EPD. Valve overlap, EVC and IVC 

parameters are calculated parameters. Here, a variable (x) is defined 

for IVO and EVO next to the values in Table 2. Depending on the 

value of this variable x, IVO and EVO values become advanced or 

retarded compared to the values in Table 1. Accordingly, the angular 

relationships for valve timing are as follows. Here, the superscript * 

represents the values modified by variable x. 

IVO∗ = IVO + 𝑥      (1) 

IVC∗ = IVC∗ + IVD      (2) 

EVO∗ = EVO + 𝑥      (3) 

EVC∗ = EVC∗ + EVD      (4) 

Here there are three possible cases for variable: 𝑥 < 0, 𝑥 > 0 

and, 𝑥 = 0. According to this: 

 If 𝑥 < 0, it means the valves open early (advanced case). 

 If 𝑥 > 0, it means the valves open late (retarded case), 

 If 𝑥 = 0, the valves open at the reference value (ideal case). 

The expression of these three situations in the valve timing dia-

gram is as in Figure 3. 

 

 
Figure 3. Valve timing misalignment cases 

 

If you notice in Figure 3, the valve timing change is called 

misalignment. Because this angular misalignment occurs not to 

change engine performance but due to incorrect assembly. 

For this study, it was assumed that the x value could range from 

−20 degrees (crank angle) to 20 degrees and solutions were made in 

5 degree steps. Accepting that the engine speed can be changed from 
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1000 rpm to 7000 rpm, solutions were made in 1000 rpm steps. In 

addition, brake torque, pumping torque, residual gas ratio, brake 

power, brake specific fuel consumption, volumetric efficiency and 

exhaust temperature were used as performance parameters. 

3. Results and Discussion 

Performance losses due to incorrect installation of the timing 

mechanism during the maintenance of four-stroke internal combus-

tion engines were examined on a 1D simulation model of a spark 

ignition engine and the following results are reported. 

 

3.1. In-Cylinder Pressure Results 

The results of in-cylinder pressure variation depending on crank 

movement were examined for three engine speeds (1000 rpm, 4000 

rpm and 7000 rpm, low, medium and high, respectively). Inset 

graphs were created for more detailed analysis. Inset graph ① 
shows the intake valve closing, inset graph ② shows the maximum 

pressure, inset graph ③ shows the exhaust valve opening and inset 

graph ④ shows the valve overlap in detail. 

Figure 4 shows the in-cylinder pressure values at low engine 

speed (1000 rpm).  

 

 
Figure 4. In-cylinder pressure for low engine speed 

 

When Inset graph ① is examined, when the misalignment de-

creases, the intake valve closes early and therefore the compression 

process starts earlier. Thus, a higher end pressure of the compression 

process can be achieved. When Inset graph ② is examined, when 

the misalignment decreases e maximum in-cylinder pressure has 

also increased. In Inset graph ③, when the misalignment decreases, 

the in-cylinder pressure decreases faster because the exhaust valve 

opens earlier. In Inset graph ④, when the misalignment decreases, 

the valve overlap also occurs earlier. When misalignment increases, 

pressure fluctuation increases, albeit slightly. 

In Figure 5, in-cylinder pressure values at medium engine speed 

(4000 rpm) are presented. When Inset graph ① is examined, when 

misalignment decreases, the intake valve closes early and therefore 

the compression process starts earlier. However, if you pay attention, 

the pressure difference caused by misalignment is less here. Inset 

graph When Inset graph ② is examined, when the misalignment de-

creases, the maximum in-cylinder pressure also increases. However, 

whether the misalignment is −10 or −20 does not change the maxi-

mum in-cylinder pressure significantly. In Inset graph ③, when the 

misalignment decreases, the in-cylinder pressure decreases faster be-

cause the exhaust valve opens earlier. Inset graph In graph ④, when 

misalignment decreases, valve overlap occurs earlier. However, 

pressure fluctuation increases due to misalignment. For example, 

when the sample value is −20, the pressure change in the valve over-

lap is seen to be in the range of 0.6-1.5 bar. 

 

 
Figure 5. In-cylinder pressure for medium engine speed 

 

In Figure 6, the in-cylinder pressure values at high engine speed 

(7000 rpm) are presented.  

 

 
Figure 6. In-cylinder pressure for high engine speed 

 

When Inset graph ① is examined, when the misalignment de-

creases, the intake valve closes early and therefore the compression 

process starts earlier. However, the in-cylinder pressure is lower. 

The possible reason for this is high pressure at high engine speed. 

volumetric efficiency decreases due to the flow requirement and the 

shortening of the time used to fill the fresh filler into the cylinder. 

When Inset graph ② is examined, when misalignment decreases, 

the maximum in-cylinder pressure e decreases significantly due to 
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the decrease in volumetric efficiency. The highest in-cylinder pres-

sure misalignment is −10 case. In Inset graph ③, when the misa-

lignment decreases, the in-cylinder pressure decreases faster because 

the exhaust valve opens earlier. In Inset graph ④, when the misa-

lignment decreases, the valve lapping also occurs earlier. However, 

the pressure fluctuation increases due to misalignment. For example 

When the sample value is −20, the pressure change in the valve over-

lap is seen to be in the range of 0.6-2.5 bar. 
 

3.2. General Performance Results 

Braking torque, pumping torque, specific fuel consumption, resid-

ual gas rate, and volumetric efficiency were examined as perfor-

mance parameters. 

The performance map for brake torque is presented in Figure 7. 

Especially at medium engine speeds, creating negative misalignment 

significantly increases the braking torque. On the other hand, in neg-

ative misalignment at high engine speeds, engine torque decreases. 

Braking torque also tends to decrease in positive misalignment. 

Maximum engine torque occurs at medium engine speed in case of 

−20 to 5 misalignment. 

 

 
Figure 7. Performance map for brake torque 

 

Figure 8 shows the performance map for pumping torque. As it is 

known, the main function of the valves is to manage the breathing of 

the engine and this process results in loss of pumping.  

 

 
Figure 8. Performance map for pumping torque 

 

Pumping loss tends to increase as engine speed increases. How-

ever, especially at high speeds, negative misalignment reduces the 

pumping torque. Late closing of the valve (positive misalignment) 

causes the pumping torque to increase. While the pumping torque 

was −0.65 Nm at low engine speeds, this value was determined as -

3.15 Nm to 5.04 Nm at high engine speeds, depending on the misa-

lignment condition. 

The expression of engine efficiency based on fuel consumption 

and brake power is brake specific fuel consumption. Figure 9 shows 

the performance map for brake specific fuel consumption (BSFC). 

Whether it is positive misalignment or negative misalignment, 

BSFC tends to increase in both cases. However, it appears that neg-

ative misalignment at medium speeds does not have a significant ef-

fect on BSFC. It is seen that BSFC is at the level of 0.25 kg/kWh at 

low engine speeds. However, it increases up to 0.32 kg/kWh at high 

engine speeds. 

 

 
Figure 9. Performance map for brake specific fuel consumption 

 

The operation of the valve system also affects the residual gas 

fraction (RGF). Figure 10 shows the performance map for RGF. At 

low and medium engine speeds, negative misalignment or positive 

misalignment always increases RGF. However, at high speeds, 

positive misalignment appears to have a reducing effect on RGF. 

 

 
Figure 10. Performance map for residual gas fraction 
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The main performance of the valve system can be considered as 

volumetric efficiency. The performance map for volumetric effi-

ciency is presented in Figure 11. Volumetric efficiency is higher, es-

pecially for medium engine speeds. When there is positive misalign-

ment or negative misalignment in the engine, volumetric efficiency 

decreases. Especially at high engine speeds, negative misalignment 

reduces volumetric efficiency. The highest volumetric efficiency 

was 0.89 at medium engine speeds. Volumetric efficiency decreases 

up to 0.70 due to misalignment. 

 

 
Figure 11. Performance map for volumetric efficiency 

 

3.3. Discussion 

According to the results obtained, negative alignment may be nec-

essary at low engine speeds and positive alignment may be necessary 

at high engine speeds. The use of variable valve timing (VVT), one 

of today's technologies, can meet this need during engine operation. 

As it is known, the main goal of VVT is to ensure engine perfor-

mance and economy by increasing the volumetric efficiency of the 

engine. Since fixed valve timing is used in conventional engines, en-

gine performance cannot be the same for every engine operating 

condition. In this study, analysis was performed with the assumption 

that valve timing misalignment was caused by faulty assembly. As a 

result of this analysis, reference valve timing gives very good results 

with the design speed of the engine. In case of a possible valve tim-

ing error, performance losses may occur. 

 

4. Conclusions 

In this study, a simple simulation model was created for valve tim-

ing misalignment, which is an assembly defect in the engine. For 

example, the opening angles of the valves have been changed from 

+20 degrees to −20 degrees compared to the normal opening angles. 

The engine performance resulting from this advanced and retarded 

valve timing was examined for a four-stroke, spark ignition, single-

cylinder engine with an engine volume of 393 cc. In this study con-

ducted for the 1000-7000 rpm engine speed range, first the in-cylin-

der pressure data were examined in detail and then the general en-

gine performance parameters were examined. Accordingly, opening 

the valves earlier than necessary at low and medium engine speeds 

increases the maximum in-cylinder pressure, and at high engine 

speeds, it reduces the maximum in-cylinder pressure due to the ex-

cessive decrease in volumetric efficiency. Regardless of whether the 

misalignment is positive or negative, pressure fluctuations increase 

during the valve lapping process. Maximum braking torque occurs 

at medium engine speeds. Positive misalignment reduces braking 

torque, especially for low and high engine speeds. However, espe-

cially at high speeds, negative misalignment reduces the pumping 

torque. Whether it is positive misalignment or negative misalign-

ment, BSFC tends to increase in both cases. However, it appears that 

negative misalignment at medium speeds does not have a significant 

effect on BSFC. At low and medium engine speeds, negative misa-

lignment or positive misalignment always increases RGF. However, 

at high speeds, positive misalignment appears to have a reducing ef-

fect on RGF. Whether misalignment is positive or negative, volu-

metric efficiency decreases. Especially at high engine speeds, nega-

tive misalignment reduces volumetric efficiency. As a result of the 

study, it was seen that misalignment negatively affected engine per-

formance. However, it is seen that the value accepted as reference is 

the optimum value for the operating speed range of the engine. With 

this study, it has been understood that valve timing, as well as valve 

system design, is vital for engine performance. The results obtained 

are of particular interest to engine designers. 
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Nomenclature 

1D One dimensional 

3D Three dimensional 

BDC Bottom dead center 

BSFC Brake specific fuel consumption (kg/kWh) 

CA Crank angle (degree) 

EPD
 
 Exhaust process duration (°CA) 

EVC Exhaust valve closing (°CA) 

EVO Exhaust valve opening (°CA) 

IMEP Indicated mean effective pressure 

IPD
  

Intake process duration (°CA) 

IVC Intake valve closing (°CA) 

IVO  Intake valve opening (°CA) 

RGF Residual gas fraction (%) 

RON Research octane number 

TDC Top dead center 

VVT Variable valve timing 

x Misalignment (°CA) 

 

Conflict of Interest Statement 

The authors declare that there is no conflict of interest in the study. 

 

 

 

0.86

0.89

0.83

0.83

0.81

0.81

0.780.75

0.78

0.720.70

-20 -15 -10 -5 0 5 10 15 20

1000

2000

3000

4000

5000

6000

7000

E
n

g
in

e
 S

p
e

e
d

 (
rp

m
)

Misalignment (degree CA)

Vol.Eff. (%)



E. Arabacı et al.               Engineering Perspective 4 (2): 47-53, 2024 

53 

CRediT Author Statement 

Emre Arabacı: Conceptualization, Writing-original draft, 

Validation, Supervision, Şule Öztürk: Conceptualization, 

Methodology, Writing-original draft, software, Serdar Halis: 

Conceptualization, Data curation, Formal analysis 

References 

1. Ferguson, C. R., & Kirkpatrick, A. T. (2015). Internal combustion en-

gines: applied thermosciences. John Wiley & Sons. 

2. Alagumalai, A. (2014). Internal combustion engines: Progress and pro-

spects. Renewable and Sustainable Energy Reviews, 38, 561-571. 

3. Grenning, W. (1991). History of the Otto–Langen Engine. Gas engine 

magazine. Febrery. 

4. Reitz, R. D. (2013). Directions in internal combustion engine research. 

Combustion and Flame, 160(1), 1-8. 

5. Merker, G. P., Schwarz, C., Stiesch, G., & Otto, F. (2005). Simulating 

Combustion: Simulation of combustion and pollutant formation for en-

gine-development. Springer Science & Business Media. 

6. Rajput, R. K. (2009). Engineering thermodynamics: A computer ap-

proach (SI units version). Jones & Bartlett Publishers. 

7. Caton, J. A. (2015). An introduction to thermodynamic cycle simula-

tions for internal combustion engines. John Wiley & Sons. 

8. Babagiray, M., Solmaz, H., Ipci, D., & Aksoy, F. (2022). Modeling and 

validation of crankshaft speed fluctuations of a single-cylinder four-

stroke diesel engine. Proceedings of the Institution of Mechanical En-

gineers, Part D: Journal of Automobile Engineering, 236(4), 553-568. 

9. Babagiray, M., Kocakulak, T., Ardebili, S. M. S., Solmaz, H., Çınar, 

C., & Uyumaz, A. (2022). Experimental and statistical investigation of 

different valve lifts on HCCI combustion, performance and exhaust 

emissions using response surface method. Energy, 244, 123184. 

10. Çınar, C., Uyumaz, A., Polat, S., Yılmaz, E., Can, Ö., & Solmaz, H. 

(2016). Combustion and performance characteristics of an HCCI en-

gine utilizing trapped residual gas via reduced valve lift. Applied Ther-

mal Engineering, 100, 586-594. 

11. Qiang, Y., Ji, C., Wang, S., Xin, G., Hong, C., Wang, Z., & Shen, J. 

(2024). Study on the effect of variable valve timing and spark timing 

on the performance of the hydrogen-fueled engine with passive pre-

chamber ignition under partial load conditions. Energy Conversion and 

Management, 302, 118104.  

12. Gupta, H. N. (2012). Fundamentals of internal combustion engines. 

PHI Learning Pvt. Ltd. 

13. White, C. M., Steeper, R. R., & Lutz, A. E. (2006). The hydrogen-

fueled internal combustion engine: a technical review. International 

journal of hydrogen energy, 31(10), 1292-1305. 

14. Wang, Y., Zu, B., Xu, Y., Wang, Z., & Liu, J. (2016). Performance 

analysis of a Miller cycle engine by an indirect analysis method with 

sparking and knock in consideration. Energy Conversion and Manage-

ment, 119, 316-326. 

15. Agarwal, A. K. (2007). Biofuels (alcohols and biodiesel) applications 

as fuels for internal combustion engines. Progress in energy and com-

bustion science, 33(3), 233-271. 

16. Heywood, John B. (1988). Internal combustion engine fundamentals. 

New York :McGraw-Hill, 

17. Liu, F., Shi, Z., Hua, Y., Kang, N., Li, Y., & Zhang, Z. (2019). Study 

on the intake valve close timing misalignment between the maximum 

volume efficiency and the none backflow on a single cylinder diesel 

engine. Journal of Engineering for Gas Turbines and Power, 141(2), 

021026. 

18. Bücker, I., Karhoff, D. C., Klaas, M., & Schröder, W. (2013). Engine 

in-cylinder flow control via variable intake valve timing (No. 2013-24-

0055). SAE Technical Paper. 

19. Abidin, S. F. Z., Zulkefli, M. H., Ja’at, N. M., & Hassan, M. N. (2021). 

Effect of Camshaft Degreeing towards Performance of a Passenger Car. 

Fuel, Mixture Formation and Combustion Process, 3(1), 1-7. 

20. Sher, E., & Bar-Kohany, T. (2002). Optimization of variable valve tim-

ing for maximizing performance of an unthrottled SI engine—a theo-

retical study. Energy, 27(8), 757-775. 

21. Claywell, M., Horkheimer, D., & Stockburger, G. (2006). Investigation 

of intake concepts for a formula SAE four-cylinder engine using 1D/3D 

(Ricardo WAVE-VECTIS) coupled modeling techniques (No. 2006-

01-3652). SAE Technical Paper. 

 

 



Engineering Perspective 4 (2): 54-59, 2024 

54 

 

 

 

 

 

 

An Experimental Study of the Influences of Lacquer Thinner Addition to Gasoline 

on Performance and Emissions of a Spark Ignition Engine 

Ahmet Uyumaz1 , Ali Batuhan Kilmen1* , Murat Kaş1   

1 Mechanical Engineering Department, Faculty of Engineering and Architecture, Burdur Mehmet Akif Ersoy University, Burdur, 15030, 

Turkey 
 

ABSTRACT 
 
In this study, lacquer thinner (LT) has been utilized as an addition to pure gasoline in a single cylinder SI engine for increasing 

performance and reducing emissions. The tests were done at wide open throttle condition and 2400, 2700, 3000, 3300, 3600 and 

3900 rpm engine speeds. The influences of lacquer thinner were observed on the engine torque, thermal efficiency, specific fuel 

consumption (SFC) and HC, CO and CO2 emissions. The findings demonstrated that with the addition of the lacquer thinner 

caused engine torque and power output values to decrease as the amount of lacquer thinner increased. SFC was increased by about 

4.36%, 9.13% and 11.64% with LT10, LT20 and LT30 compared to full gasoline at 2700 rpm respectively. But fairly noticeable 

reductions were observed at CO and HC emissions as lacquer thinner added to the gasoline. HC decreased by 3.4%, 5.6% and 

12.13% with LT10, LT20 and LT30 according to gasoline at 3900 rpm respectively. Similarly, CO has decreased by 1.09%, 

2.18% and 3.56% with LT10, LT20 and LT30 according to gasoline at 3900 rpm respectively. Lacquer thinner showed positive 

and impressive results compared to pure gasoline on exhaust emissions. However thermal efficiency decreased, and SFC has in-

creased with lacquer thinner addition to gasoline, but the reduction in engine torque and power can be acceptable considering the 

drastic improvements at emission levels. Also, it has been observed that lacquer thinner can be used as a gasoline additive without 

any modifications in spark ignition engines. Still further research is needed on Lacquer thinner on SI engines. 
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1. Introduction 

Alternative fuels or fuel additives are being searched by the re-

searchers due to the reasons such as depletion of oil reserves and 

the harmful influences of the fossil fuels on the environment. Be-

cause spark ignition engines have lower emission rates compared to 

diesel engines, they are more prefer-able despite having lower 

thermal efficiencies and lower compression ratios. These circum-

stances can be further made better with the usage fuel additives in 

SI engines. Lacquer thinner, also known as cellulose thinner (LT) 

has drawn attention to improve spark ignition performance and 

emissions. LT is a ubiquitous and cheap substance that is used for 

thinning paints and is a powerful solvent that is used for cleaning 

painting equipment such as brushes. LT is produced from toluene, 

acetone and methanol. It also has high volatility characteristics 

which makes it suitable to mix with gasoline as an additive. Since 

LT is in liquid form it can be easily mixed with gasoline and other 

types of liquid fuels. Considering these facts LT can be used as an 

ignition improver to achieve higher thermal efficiencies. When the 

literature was examined, it was realized that there are not many 

detailed studies on the effects of LT in SI engines. Awad et al. [1] 

has reviewed the usage of alcohols and ethers such as ethanol and 

methanol as fuels in SI engines. They have found that lesser CO 

and NOx emissions, but specific fuel consumption (SFC) has in-

creased. Chivu et al. [2] compared commercial diesel blends with 

turpentine obtained from pine trees they have found that 7.9% in-

crease in torque at 15T85D mixture and 9% power increase at low 

speed and 5% power increase at high speeds with 30T70D mixture 

but it had a negative effect on NOx emissions. Rao et al. [3] has 

found that with increasing toluene concentrations there was a con-

sistent reduction of the HC, CO and NOx. Eng et al. [4] tested n-

octane/toluene and iso-octane/toluene blends to observe the influ-

ences. Kinetic interactions were realized between fuel species. Iq-

bal et al. [5] has developed ID correlation to guess knock for a tol-

uene reference mixture. Nematizade et al. [6] compared an ethanol-

gasoline blend and a G-series fuel of GS1 and GS2. They have 
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found that torque and power of the engine decreases (not signifi-

cantly) and SFC increases but, HC reduces about 8% and CO re-

duces about 47%. Zhou et al. [7] commentated the performance of 

both lignin and cellulose derivatives. They have found that cetane 

number (CN) has higher effect than oxygen content. Machado et al. 

[8] looked on the influence of separate components and the amount 

of fuel on performance and combustion in SI engines. They have 

found that toluene and isooctane are important components because 

of their high-octane ratings also higher compression ratios are bet-

ter for engines in operating conditions susceptible for knocking. 

Shahgholi et al. [9] investigated a gasoline engine's performance 

changes and emissions by gasoline mixtures and ethanol and thin-

ner additives. They have found that addition of the thinner and eth-

anol increased SFC and reduced CO emissions also, increasing the 

amount of thinner and ethanol additives has reduced the vibration 

of the engine. Because SI engines present lower thermal efficiency 

compared to CI engines because of the lower CR. Gonca et al. [10] 

tested the impacts of dual mixtures on the theoretical performance 

characteristics of an SI engine. They have found that maximum 

decrease ratio of thermal efficiency is 29.71% with the combustion 

of 50% of methanol. Gonca et al. [11] has tested the effects of   pe-

troleum based liquid fuels and alcohols. They have found that fuel 

type considerably affects the brake power, brake thermal efficiency 

and NO formation. Ibrahim [12] researched the effects of diethyl 

ether in diesel engine. 15% diethyl ether showed the 7.2% increase 

on maximum brake thermal efficiency and 6.7% decrease on brake 

specific fuel consumption. Since fossil fuels are harmful to the en-

vironment and their reserves are getting depleted each day [13] it is 

crucial to search for alternative fuel sources or additives that are 

more readily available, cheap and more sustainable. Taking these 

facts into consideration lacquer thinner can be a good additive to 

gasoline since they have similar chemical compositions, and they 

mix well without any modification. In the current study, it was 

aimed to observe the influences of LT in terms of engine perfor-

mance and exhaust emissions (HC, CO and CO2) in a single cylin-

der four stroke spark ignition engines. For this purpose, the test 

engine was operated at wide opening throttle and different engine 

speeds between 2400 and 3900 rpm with the intervals of 300 rpm. 

 

2. Material and Method 

  The experiments were conducted at Burdur Mehmet Akif Ersoy 

University, High Vocational School of Technical Sciences Au-

tomotive Laboratory. Figure 1 shows the schematic of the view 

of the test engine setup. Internal Combustion Engines (ICE) are 

critical machines in various applications from automotive to the 

industrial machinery. Understanding the effects of the LT on the 

performance and emissions as an additive to the gasoline in dif-

ferent conditions is essential. For that reason, six different engine 

speeds have been chosen and experiments were performed at full 

engine load condition (wide-open throttle), the selected engine 

speeds are 2400, 2700, 3000, 3300, 3600 and 3900 rpm. A 

torque sensor was coupled between the dynamometer and test 

engine shown in the Figure 1 Properties of the test engine were 

exhibited in the Table 1. Engine block temperature and oil tem-

perature were held constant to prevent measurement differences. 

Engine was warmed up and then data was collected for each test. 

Honda GX 160, a single cylinder SI engine was fixed with an 

AC dynamometer for loading. When test engine started running 

dynamometer started to produce electricity, then using a potenti-

ometer and a rheostat were precisely adjusted and engine speed 

was manipulated. Lastly fuel consumption was determined with 

digital precision scale with 0.5 gr accuracy.   

 

Figure 1. Schematic engine test setup 

Table 1. Properties of the test engine 

Model Honda GX160 

Bore x stroke [mm] 68x45 

CR 8.5:1 

Cylinder volume [cm³] 163 

Power output [kW] HP@3600rpm Max. 5.5 

Torque [Nm]@2500 rpm Max.10.78 

 

  Lacquer Thinner was used as additive to gasoline in this work. 

Properties of the gasoline and LT is given side by side in Table 2. 

Gasoline was the base reference fuel. For the preparation of the 

test fuels LT and gasoline was measured volumetrically and then 

combined to acquire 500 ml of test fuel in the end. At the end of 

each experiment amount of test fuel left was measured and then 

more gasoline and LT was added to the blend to achieve 500 ml 

again. LT is added to the gasoline at the rates of 10%, 20% and 

30% to obtain test fuels. Test fuels have been named as LT10 

(10 % Lacquer thinner + 90 % gasoline), LT20 (20% Lacquer 

thinner+ 80% gasoline), LT30 (30% Lacquer thinner+70% gaso-

line). 

Table 2. Properties of the test fuels [10-16] 

 Gasoline Lacquer Thinner 

Density [kg/m3] 746 870 

Latent heat of vaporization 

[kJ/kg] 
331.6 - 

Calorific value [kJ/kg] 43594 41030 

Flash point [℃] -43 -7 

Octane number 96.47 - 

Boiling point [℃] 30-225 110,6 – 111,6 

Auto ignition temperature [℃] 257.2 536 

 

  Engine torque was determined concurrently according to the 

engine speed. Engine torque and speed values were delivered to 

the computer. Technical specifications of the torque sensor are 

given in Table 3. 
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Table 3. Specifications of the torque sensor 

Model Burster 8661 

Nominal supply voltage range [V DC] 10-30 

-3 dB cutoff frequency [Hz] 200 

Insulation resistance [ΜΩ] > 5 

Fluctuation [mV] <50 

Rated torque output voltage [V] +10 

Driver signal (K pin) [V DC] 10…30 

 

  HC, CO and CO2 emissions were determined by using an ex-

haust gas analyzer. Technical properties of the emission analyzer 

are shown in the Table 4. 

Table 4. Properties of the exhaust gas analyzer 

 Operating Range Accuracy 

HC 0- 9999 ppm 1 ppm 

CO2 0-18 % 0.1 % 

NOx 0- 5000 ppm 1 ppm 

O2 0-25 % 0.01 % 

CO 0- 14 % 0.001 % 

λ 0-4 0.001 

 

2.1. Data Reduction 

The engine torque is a measured value versus on the engine 

speed. With engine speed and torque values engine power can be 

calculated using the Eq. (1). 

 

e e
e

M .n
N

9549


      (1) 

 
N

e stands for engine power, 
M

e  stands for engine torque and e
n

 

stands for engine rpm. After engine power is calculated SFC can be 

calculated using Eq. (2) [16]. 
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 denotes the fuel consumption and SFC determines the en-

gine fuel economy. Thermal efficiency has been calculated using 

the Eq. (3) [16]. 

 

e

T

f LHV

N
η =

m .Q
      (3) 

Here T
η

 shows the thermal efficiency and LHV
Q

 stands for the 

calorific value of the fuel [16]. 

 

3. Results and discussions 

 

The changes of the engine torque can be viewed in the Figure 

2. Maximum torque was reached at 2400 rpm for each test fuel 

and engine torque started to decrease as the engine speed in-

creased. Heat losses and gas leakages increase with the rise of 

engine speed. Engine torque has decreased as the amount of LT 

raised in the blend. LT30 presented the lowest amount of torque. 

This is because LT has lower calorific value than gasoline. En-

gine torque has decreased about 4.66% at 2400 rpm. There is not 

significant difference between gasoline and LT fuel mixtures. 

This phenomenon is attributed to the lack of oxygen and oxida-

tion reactions slow down with the additive of LT in the fuel mix-

ture. 

 

Figure 2. Engine torque 

Power output of the engine rises with the rise of engine speed. 

Figure 3 exhibits the effect of LT on power output. Maximum 

effective power is computed at 3600 rpm for each test fuels. 

Volumetric efficiency is deteriorated at high engine speeds. Suf-

ficient oxygen could not be delivered into the cylinder resulting 

in worse oxidation reactions. In addition, flow losses increase, 

and mechanical efficiency declines with the rise of engine speed. 

Hence, produced power decreases at high engine speed. Similar-

ly to engine torque, power output decreases as the amount of LT 

increases in the blend. The highest power output was determined 

at 3600 rpm for all test fuels. Power output decreased 0.77%, 

1.55% and 3.06% at LT10, LT20 and LT30 respectively at 3600 

rpm. Kocakulak et al [14]. has found that with the addition of 

hexane to the gasoline reduced the engine torque in an SI engine.  

   

 

Figure 3. Power output 

  Figure 4 reflects the effects of LT on SFC. SFC is an important 

aspect of performance evaluations in internal combustion en-

gines. When engine speed is too high or too low SFC increases 

as depicted in Figure 4. The lowest SFC data were calculated for 

2700 rpm for all test fuels. And as expected increase of LT in the 

blend increased the SFC owing to LT having lower calorific val-

ue than gasoline and higher density. The increase of LT fraction 

in the fuel mixtures caused to increase of test fuel density. More 

charge mixture is taken into the cylinder by mass. So, higher fuel 

consumption is observed to obtain same power in comparison 
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with pure gasoline. The highest SFC value is calculated with 

LT30 blend. SFC increased by about 4.36%, 9.13% and 11.64% 

with LT10, LT20 and LT30 respectively at 2700 rpm. So, more 

LT is required to achieve required fuel energy to reach same 

power output. 

 

 

Figure 4. Effects of LT on SFC at various engine speeds  

 Thermal efficiency shows the produced net work depending on 

the obtained energy by ignition of the fuel. Calorific energy that 

is one of the most important factors affecting the thermal effi-

ciency. The addition of LT leads to decrease thermal efficiency 

as seen in Figure 5. The lowest thermal efficiency was obtained 

using LT30. Thermal efficiency that is significant variable re-

flects the produced power output from obtained heat energy. 

Maximum thermal efficiency was determined at 2700 rpm for all 

test fuels. Figure 5 depicts the variations of thermal efficiency. 

Like SFC best thermal efficiency values are obtained at middle 

engine speed values. Maximum thermal efficiency values were 

also calculated at 2700 rpm. Thermal efficiency decreased by 

3.69%, 6.90% and 8.15% at LT10, LT20 and LT30 respectively 

compared to gasoline. 

 

 
Figure 5. Effects of LT on thermal efficiency 

  Figure 6 shows the effects of LT on CO emissions. Incomplete 

combustion caused to obtain CO emissions. CO is generated due 

to lower cylinder temperature and lack of oxygen in combustion. 

As it can be seen in the Figure 6, with the addition of LT CO 

emission is reduced and lowest value is calculated with LT30 

blend. At 3900 rpm measured CO values reduced by about 

1.09%, 2.18% and 3.56% with LT10, LT20 and LT30 respec-

tively. So, with the addition of LT it can be said that the combus-

tion is improved, and CO formation is decreased. Uyumaz [15] 

has found that with the addition of diethyl ether to the gasoline 

in an SI engine CO and HC emissions have reduced and as the 

amount of diethyl ether increased in the blend CO and HC emis-

sions continued to reduce further. 

 

 

Figure 6. Effects of LT on CO emission 

  

 

Figure 7. Effects of LT on CO2 emission 

 

 

Figure 8. Effects of LT on HC emission 

  

 Figure 7 shows the changes of CO2 emission. There is an in-

verse relationship between CO2 and CO. So, as CO decreased 

CO2 is increased with the addition of LT. The highest CO2 like 

CO was determined at 3900 rpm for all test fuels. Highest CO2 
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increase was 3.79% with LT30 blend. Higher density of LT 

caused to increase released heat and the temperature at the end of 

combustion. This situation helps to trigger the oxidation reac-

tions. Hence, CO2 formation is strengthened. It can be also stated 

that lower flash point of LT improves the combustion reactions 

resulting in more CO2 generation. Lastly, values of determined 

HC emissions are given in Figure 8. At lower speeds the mixture 

cannot be properly ignited in the combustion chamber because of 

weak turbulence so HC formation is increased. As it can be seen 

here with the addition of LT HC emission is reduced significant-

ly about by 3.4%, 5.46% and 12.13% with LT10, LT20 and 

LT30 respectively at 3900 rpm. Because of its high volatility, LT 

resulted lower unburned hydrocarbons. 

 

4. Conclusions 

  The purpose of this experiment was to observe the influences of 

LT on engine performance and emissions as an addition to gasoline. 

The findings presented that with the addition of LT engine torque 

and power output is reduced but not that high of an amount that 

would render LT unusable as an additive to gasoline. Also, SFC is 

increased but this would be the case for any additive to gasoline 

that has lower calorific value than gasoline. The positive effects of 

LT as an additive lie on the emission side of the experiment. Harm-

ful emissions such as CO and HC were reduced significantly with 

the addition of LT to the gasoline. HC reduced by 3.4%, 5.6% and 

12.13% with LT10, LT20 and LT30 compared to gasoline at 3900 

rpm respectively. CO has decreased by 1.09%, 2.18% and 3.56% 

with LT10, LT20 and LT30 compared to gasoline at 3900 rpm 

respectively. With these data, it can be said that lacquer thinner is a 

viable option to use as an additive to gasoline and can be used as 

without any modification whatsoever. Still further research is need-

ed on the influences of LT on engine performance and emissions. 

Nomenclature 

AC Alternative current 

CI Compression ignition 

CN Cetane number 

CR Compression ratio 

CO Carbon monoxide 

CO2 Carbon dioxide 

DC Direct current 

HC Hydrocarbon 

HP Horsepower 

ID Ignition delay 

LT Lacquer thinner 

SFC Specific fuel consumption 

SI Spark ignition 

f
m

 
Consumed fuel 

M
e  

Engine torque 

N
e  

Effective power 

NOx Nitrogen oxide 

LHV
Q

 Lower heating value 
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ABSTRACT 
 
In this research, the integration of an alkaline electrolyzer system with a photovoltaic (PV) array is explored to facilitate the 

green production of hydrogen. By directly coupling these two technologies, solar energy is harnessed to drive the electrolysis 

process, consequently generating hydrogen as a sustainable energy carrier. To enable accurate simulation and analysis of the 

integrated system, a novel methodology is introduced for identifying and quantifying the various parameters crucial for under-

standing the electrical behavior of the alkaline electrolyzer system. Through this method, the interplay between the PV array's 

output and the electrolyzer's operation can be comprehensively captured, allowing for precise modeling of the overall system 

dynamics. Moreover, mathematical equations are established to provide insights into the anticipated quantities of hydrogen gen-

erated by the electrolyzer system under different operating conditions. These equations serve as predictive tools, offering valuable 

insights into the system's performance and efficiency, essential for optimizing its design and operation. The proposed methodol-

ogy and equations are implemented and validated using the MATLAB/Simulink environment, a powerful tool for simulating 

complex systems. By leveraging this platform, the integrated PV-electrolyzer system can be simulated with high fidelity, captur-

ing its dynamic behavior and performance characteristics under varying scenarios. The promotion of renewable energy-based 

solutions for sustainable hydrogen production is aimed to be facilitated by this research, thereby contributing to the transition 

towards a greener and more resilient energy future. 
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1. Introduction 

The global energy landscape is undergoing a profound transfor-

mation driven by the increasing demand for energy and the impera-

tive to mitigate the impacts of climate change [1 - 2]. As traditional 

fossil fuel reserves dwindle and concerns over greenhouse gas emis-

sions escalate, there is an urgent need to explore and develop new 

sources of clean and sustainable energy [3]. Renewable energy 

sources, such as solar and wind power, have emerged as pivotal com-

ponents of the transition towards a more environmentally friendly 

energy paradigm [4]. However, despite their abundance and poten-

tial, the widespread adoption of renewable energy faces significant 

challenges, including intermittency and the efficient storage and 

conversion of energy into electricity [5]. One of the key challenges 

in harnessing renewable energy is the intermittent nature of sources 

such as solar and wind power. Unlike conventional fossil fuels, 

which provide a continuous and reliable source of energy, renewable 

sources fluctuate with weather conditions and time of day, present-

ing operational difficulties for their integration into existing electri-

cal grids [6]. To address this challenge, there is a pressing need for 

innovative energy storage solutions that can store excess energy dur-

ing periods of abundance and release it when needed [7]. In recent 

years, electrochemical storage systems, such as batteries and hydro-

gen fuel cells, have garnered significant attention as potential solu-

tions to the energy storage problem [8]. Hydrogen, in particular, has 

emerged as a versatile energy carrier with the potential to store and 

transport energy derived from renewable sources [9]. The electro-

chemical conversion of hydrogen in fuel cells offers a clean and ef-

ficient way to generate electricity, with water vapor being the only 

byproduct [10]. However, the widespread adoption of hydrogen as 
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an energy carrier is hindered by challenges related to its production, 

storage, and distribution [6]. 

While most of today's hydrogen production methods rely on fossil 

fuels, there is growing interest in developing technologies that can 

directly convert renewable energy, such as solar power, into hydro-

gen [7], [11]. Among these technologies, the coupling of solar panels 

with electrolyzers has emerged as a promising approach for green 

hydrogen production [5]. By leveraging solar energy to power the 

electrolysis of water, this technique offers a sustainable and carbon-

neutral method for producing hydrogen [12]. The efficiency of this 

process can reach up to 13%, making it a viable option for large-

scale hydrogen production [8].  

Electrolyzers, the key components in this process, come in several 

different technologies, including alkaline, membrane, and high-tem-

perature steam electrolyzers [13]. Using those technologies, water is 

dissociated into hydrogen and oxygen gases through the application 

of an electric current. Of these, alkaline electrolyzers are one of the 

most established and widely used technologies for hydrogen produc-

tion. They operate by utilizing an alkaline electrolyte, typically po-

tassium hydroxide (KOH) or sodium hydroxide (NaOH), and elec-

trodes made of materials like nickel or stainless steel. Alkaline elec-

trolyzers offer several advantages, including relatively low capital 

costs, high efficiency, and long operational lifetimes. They are suit-

able for large-scale hydrogen production applications, such as indus-

trial hydrogen generation, renewable energy storage, and transporta-

tion fuel production. Additionally, alkaline electrolyzers can operate 

at ambient temperatures and pressures, simplifying their integration 

into existing industrial processes and infrastructure. These attributes 

make Alkaline electrolyzers well-suited for integration with renew-

able energy sources, such as solar power [3], [9], [11]. 

In this study, the focus lies on the modeling and simulation of a 

photovoltaic system integrated with an alkaline electrolyzer for hy-

drogen production via water electrolysis. The electrolysis process is 

driven by the electrical energy provided by photovoltaic panels, with 

excess energy being stored in the form of hydrogen [14 - 16]. Utiliz-

ing advanced modeling techniques and simulation tools like 

MATLAB/Simulink, emphasis is placed on optimizing the perfor-

mance of the integrated system and identifying the most favorable 

conditions for efficient hydrogen production. Through this research, 

a contribution is aimed to be made towards the advancement of sus-

tainable energy solutions and the acceleration of the transition to-

wards a greener and more resilient energy future. 

The flowchart as shown in Figure 1 outlines the study's progres-

sion, beginning with an introduction to global energy challenges and 

the significance of transitioning to renewable energy sources, partic-

ularly hydrogen. Motivation is provided for exploring sustainable 

hydrogen production methods, leading to the integration of photo-

voltaic and electrolyzer systems for green hydrogen generation. In 

section 2, theoretical principles of hydrogen production and design 

concepts for photovoltaic and alkaline electrolyzer systems are then 

elucidated. Mathematical modeling follows, detailing the develop-

ment of equations to describe PV panel and electrolyzer behaviour, 

including factors influencing hydrogen production rates. Section 3 is 

devoted to simulation setup for implementing these models using 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Flowchart summarizing the entire study. 

 

MATLAB/Simulink and configuring the integrated PV-electrolyzer 

system and its result. Discussion analysis entails examining simula-

tion data on PV module performance and hydrogen production rates, 

elucidating trends and correlations between variables is presented in 

section 4. Finally, the conclusion summarizes findings regarding 

system performance and efficiency, while also suggesting future re-

search directions for energy storage and grid integration solutions. 

 

2.2. Theoretical concept of alkaline Technology and PV sys-

tem 

2.2.1. Principle of hydrogen production  

The principle of hydrogen production [13] within the system un-

der study encompasses three primary subsystems, each integral to 

the overall process: 

Firstly, the production of renewable electric energy serves as the 

initial step in the hydrogen production chain. This process relies 

heavily on the utilization of photovoltaic panels, converting incident 

solar radiation into electricity through the photovoltaic effect. The 

electricity generated by the solar panels serves as the primary energy 

source for the subsequent electrolysis of water, thus initiating the 

production of hydrogen [13]. Secondly, the electrolysis of water rep-

resents the pivotal stage wherein water molecules are dissociated 

into their constituent elements, hydrogen and oxygen. Various elec-

trolysis techniques are employed for this purpose, with alkaline elec-

trolyzers, polymer membrane electrolyzers, and ceramic oxide elec-

trolyzers being the most commonly utilized methods. These electrol-

ysis techniques facilitate the efficient separation of hydrogen and ox-

ygen gases, enabling the selective extraction of hydrogen for subse-

quent storage and utilization.  

Lastly, the storage of gases constitutes the final component of the 

hydrogen production process. This phase involves the collection and 

containment of the produced hydrogen gas for future use. Com-

monly employed techniques for hydrogen storage include liquefac-

tion and hydration processes. Liquefaction involves cooling the hy-

drogen gas to extremely low temperatures, thereby converting it into 

a liquid state for denser and more compact storage. Alternatively, 

hydration methods involve the absorption of hydrogen gas into a 

solid matrix, such as metal hydrides, for safe and efficient storage 

[13], [17].
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Figure 2. Configuration and operational principles of the Hydrogen production facility [13]. 
 

The configuration and operational principles of the hydrogen pro-

duction facility are depicted in Figure 2, illustrating the interconnect-

edness of the various subsystems involved in the process. The effi-

cient coordination and integration of these subsystems are essential 

for optimizing hydrogen production efficiency and ensuring the via-

bility of the overall system. Through continuous research and devel-

opment efforts, advancements in each of these subsystems contrib-

ute to the realization of sustainable and scalable hydrogen produc-

tion solutions, thereby facilitating the transition towards a cleaner 

and more sustainable energy landscape. 

 

2.2.2. Designing the Photovoltaic System 

In the realm of renewable energy systems, the photovoltaic (PV) 

generator stands as a cornerstone for sustainable energy production 

[14 - 16]. In this study, the photovoltaic system's energy production 

is predominantly facilitated by the photovoltaic generator, which 

harnesses solar radiation to generate electricity. Leveraging the cli-

mate data specific to the site, including sunshine duration and ambi-

ent temperature, alongside module specifications provided by the 

manufacturer, enables precise estimation of the energy output 

achievable by the photovoltaic module. 

The mathematical model of a photovoltaic generator relies on an 

equivalent circuit. In Figure 3 below, the equivalent circuit is de-

picted, featuring a current source 𝐼𝑝ℎ representing the photocurrent 

generated by the cell, with 𝑅𝑠 and 𝑅𝑠ℎ denoting the inherent shunt 

and series resistances of the cell, respectively, along a diode in par-

allel [1-3].  

PV cells are assembled into larger units known as PV modules, 

which are then interconnected in a parallel-series arrangement to cre-

ate PV arrays. Typically, 𝑅𝑠ℎ  has a very high value, and 𝑅𝑠  has 

a very low value, thus they can often be disregarded to simplify the 

analysis.  

The mathematical model of the photovoltaic panel is described as 

following in the Eq. (1): 

𝐼𝑝ℎ = [𝐼𝑠𝑐 𝑟𝑒𝑓 + 𝐾𝑖 (𝑇 − 𝑇𝑟𝑒𝑓 )] × 𝐼𝑛𝑠𝑜𝑙 
(1) 

Where, 𝐼𝑠𝑐 𝑟𝑒𝑓 is the short-circuit current (ISC) at reference tem-

perature, 𝐾𝑖 denotes the short-circuit current temperature co-effi-

cient, 𝑇 is the operating temperature of the module, 𝑇𝑟𝑒𝑓  is the 

reference temperature of the module, and 𝐼𝑛𝑠𝑜𝑙 is the Input current 

of a PV module. 

The reverse saturation current (𝐼𝑟𝑠) is calculated as following in 

the Eq. (2):  

𝐼𝑟𝑠 = 𝐼𝑠𝑐/[𝑒𝑥𝑝 (
𝑞𝑉𝑜𝑐

𝑁𝑠𝑘𝐴𝑇𝑟𝑒𝑓

− 1] (2) 

Where 𝑁𝑠 is the total number of cells in series, 𝑉𝑜𝑐  is the open 

circuit voltage, q represents the Electron charge, k denotes the Boltz-

mann constant, and A is an idealist factor. 

The module's saturation current is then calculated using Eq. (3): 

𝐼𝑠 = 𝐼𝑟𝑠 [
𝑇𝑎 

𝑇𝑟𝑒𝑓 

] 𝑒𝑥𝑝[
𝑞 × 𝐸𝑔0

𝐵𝑘
 (

1

𝑇𝑟𝑒𝑓 

−
1

𝑇𝑎 

)] (3) 

Where, 𝐸𝑔0  is the band gap for silicon, 𝐵 = 𝐴, and 𝑇𝑎 is the 

operating temperature of the module. 

Hence, the calculation of the photovoltaic panel current can be ex-

pressed as follows in the Eq. (4): 

 

 

(4) 

Where, 𝑁𝑝 represents the number of cells connected in parallel, 

and 𝑉𝑃𝑉 is the output voltage of a PV module. 

Figure 3. PV cell modelled as an equivalent circuit with diodes 

 

 

𝐼𝑃𝑉 = 𝑁𝑝 × 𝐼𝑝ℎ − 𝑁𝑝 × 𝐼0 [𝑒𝑥𝑝 (
𝑞×𝑉𝑃𝑉+𝐼𝑃𝑉𝑅𝑠

𝑁𝑠𝑘𝐴𝑇
) −  1] 
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2.3. Designing the Alkaline Electrolyzer System   

An electrolyzer serves as a pivotal device in the production of hy-

drogen, leveraging electrical energy to facilitate the electrolysis of 

water into its constituent elements, hydrogen, and oxygen, via an 

electrochemical process. To facilitate the splitting of water mole-

cules, a direct current (DC) must be applied across two electrodes 

immersed in an aqueous electrolyte with high ionic conductivity (Ti-

jani et al., 2014; Ulleberg, 2003). Typically, the overarching reaction 

for water splitting is represented as follows in the Eq. (5): 

 (5) 

By using the stoichiometry, the production rate of water consump-

tion and oxygen also can be determined as in the Eq. (6):  

�̇�𝐻2𝑂 = �̇�𝐻2,𝑝𝑟𝑜𝑑 =  2�̇�𝑂2  (6) 

In this study, emphasis is placed on the Alkaline electrolyzer, cho-

sen for its efficiency in hydrogen production. The water electrolyzer 

comprises multiple electrolyzer cells interconnected either in series, 

parallel, or both. Our electrolyzer model is intricately designed based 

on the characteristics of individual cells, with parameters such as op-

erating voltage and gas flow rates determined per cell. Scaling up to 

the entire electrolysis unit involves simple multiplication of these 

values by the number of cells in series and parallel. For the sake of 

modelling the electrolyzer, its mathematical model will be analysed 

in the following: 

The thermal model uses current and voltage, to calculate the tem-

perature variation within the electrolyzer cell by modeling the fol-

lowing equation Eq. (7): 

𝐶𝑡

𝑑𝑇

𝑑𝑡
=  �̇�𝑔𝑒𝑛 − �̇�𝑙𝑜𝑠𝑠 − �̇�𝑐𝑜𝑜𝑙𝑖𝑛𝑔   (7) 

Where, 𝑇 is the Cell temperature in Kelvin, 𝐶𝑡 denotes the Over-

all thermal capacity of the electrolyzer, �̇�𝑔𝑒𝑛  is the Heat power gen-

erated inside the electrolyzer, �̇�𝑙𝑜𝑠𝑠   is the Heat power loss and 

�̇�𝑐𝑜𝑜𝑙𝑖𝑛𝑔  is the Cooling heat power. 

 

For reference (details provided below for each calculation):  

 �̇�𝑔𝑒𝑛  → Can be written as: �̇�𝑔𝑒𝑛 = (𝑉 − 𝑉𝑡ℎ) × 𝐼 with 

 

 

 �̇�𝑙𝑜𝑠𝑠  → Can be determined by:                  (𝑇 −
𝑇𝑎𝑚𝑏) with 𝑅𝑡 is the thermal resistance of the electrolyzer 

and 𝑇𝑎𝑚𝑏  is the ambient temperature. 

 �̇�𝑐𝑜𝑜𝑙𝑖𝑛𝑔 →  Can be expressed as �̇�𝑐𝑜𝑜𝑙𝑖𝑛𝑔= 𝐶𝑚 × (𝑇𝑐𝑚,𝑠 −
𝑇𝑐𝑚,𝑒) with 𝐶𝑚 is the thermal capacity of the cooling wa-

ter, 𝑇𝑐𝑚,𝑠 is the inlet cooling water temperature, and 𝑇𝑐𝑚,𝑒 

is the outlet cooling water temperature with∶ 
 

 

and 𝑉𝐴𝐻𝑋 is the overall heat transfer coefficient. It is obtained by 

the following equation: 𝑉𝐴𝐻𝑋 =  ℎ𝑐𝑜𝑛𝑑 +  ℎ𝑐𝑜𝑛𝑣 . 𝐼  where, 

ℎ𝑐𝑜𝑛𝑑  and ℎ𝑐𝑜𝑛𝑣  are the parameters related respectively to heat 

transfer by conduction and by convection. 

 

The overall energy balance is defined as in the Eq. (8): 

𝑑𝑇

𝑑𝑡
+ 𝑎𝑇 − 𝑏 = 0 (8) 

 

The solution to the differential equation of the balance is given by 

the Eq. (9): 

𝑇(𝑡) =  (𝑇𝑖𝑛𝑖 −
𝑏

𝑎
) 𝑒𝑥𝑝(−𝑎𝑡) +

𝑏

𝑎
 (9) 

With: 

 (10) 

In a non-spontaneous electrochemical process, the change in free 

energy is equivalent to the electrical work required for the reaction 

to occur. The cell voltage 𝑈𝐸𝑐𝑒𝑙𝑙 , expressed in volts is defined by the 

Eq. (11): 

 

(11) 

Where, 𝑟1 and  𝑟2 𝑟epresent the parameters of ohmic resistance 

(ꭥ.m2, ꭥ.m2/°C), 𝑠 is the Ohmic voltage (V), 𝑡1 , 𝑡2  and  𝑡3  are 

the overvoltage parameters; t1 (m2 .A-1), t2 (m2 .C.A-1), t3 (m2 .C2/A-1), 

𝐴 is the area of the cell electrode (m2), 𝐼 represents the electrolyzer 

current in (A), 𝑇 is the cell temperature (°C) and 𝑈𝑟𝑒𝑣  is the reversi-

ble voltage (V).  

When assuming a reversible reaction, the energy of the process 

(H) is utilized with a reversible voltage as indicated in the following 

reaction (12): 

𝑈𝑟𝑒𝑣 =
∆𝐺

𝑍𝐹
 (12) 

Where, ∆𝐺 represents the  Gibbs free energy, 𝑍 is the number 

of electrons (2e-), which is the number of molecules transferred per 

molecule of hydrogen, equal to 2, F is a Faraday's constant (96500 

C), 𝑈𝑟𝑒𝑣 which can be expressed by an empirical equation as:  

𝑈𝑟𝑒𝑣 = 𝑈𝑟𝑒𝑣
0 − 𝑘𝑟𝑒𝑣(𝑇 − 25)  where 𝑈𝑟𝑒𝑣

0  denotes the reversible 

𝐻2𝑂(𝑙) + 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 

→  𝐻2(𝑔)
+ 1

2⁄ 𝑂2(𝑔)
 

𝑎 =  
1

𝑅𝑡. 𝐶𝑡

+
𝐶𝑐𝑚

𝐶𝑡

(1 − 𝑒𝑥𝑝 (−
𝑉𝐴𝐻𝑋

𝐶𝑐𝑚

)) 

𝑏 =
𝑛𝑐(𝑉 − 𝑉𝑡ℎ). 𝐼

𝐶𝑡

+
𝑇𝑎𝑚𝑏

𝑅𝑡𝐶𝑡

+
𝐶𝑐𝑚𝑇𝑐𝑚,𝑐

𝐶𝑡

(1

− 𝑒𝑥𝑝 (−
𝑉𝐴𝐻𝑋

𝐶𝑐𝑚

)) 

 

𝑈𝐸𝑐𝑒𝑙𝑙 =  𝑈𝑟𝑒𝑣 +
𝑟1 + 𝑟2𝑇

𝐴
𝐼

+ 𝑠 ln (
𝑡1 +

𝑡2

𝑇
+

𝑡3

𝑇2

𝐴
𝐼 + 1) 

𝑉𝑡ℎ= 
−𝛥𝐻

2𝐹
 

𝑇𝑐𝑚,𝑠 =  𝑇𝑐𝑚,𝑒 + (𝑇 − 𝑇𝑐𝑚,𝑒) + (1 − exp (−
𝑉𝐴𝐻𝑋

𝐶𝑚
)) 

�̇�𝑙𝑜𝑠𝑠 =
1

𝑅𝑡
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cell voltage under standard conditions and 𝑘𝑟𝑒𝑣 is the empirical 

temperature coefficient of 𝑈𝑟𝑒𝑣  (V/°C). 

The cells of an electrolyzer are connected in series, so the current 

is the same and the voltage is given by the following Eq. (13):  

𝑈𝐸 = 𝑛𝐶 . 𝑈Ecell (13) 

The amount of hydrogen generated can be calculated from the 

voltage and current of the electrolyzer as in the following Eq. (14): 

�̇�𝐻2,𝑝𝑟𝑜𝑑 =  𝜂𝐹

𝑁𝑐𝐼

𝑍𝐹
 

 

(14) 

Where Z is equal 2. 

 

According to Faraday's law, the production of hydrogen is influ-

enced by the rate of electron transfer at the electrodes, which corre-

sponds to the electrical current in the external circuit. Conversely, 

Faraday efficiency represents the ratio of actual hydrogen produc-

tion to the theoretical maximum achievable in the electrolyzer. How-

ever, Faraday efficiency can be compromised by parasitic current 

losses, which increase as current densities decrease due to higher 

electrolyte share, leading to reduced electrical resistance. Moreover, 

temperature elevation results in decreased resistance, amplifying 

parasitic current losses and consequently lowering Faraday effi-

ciency which can be determined as in the following Eq. (15): 

𝜂𝐹 =
(

𝐼
𝐴

)
2

𝑓1 + (
𝐼
𝐴

)
2 𝑓2 (15) 

Where, 𝐼 is the current of the electrolyzer, 𝑛𝐶  is the number of 

particles (21), 𝐴  represent the Effective surface 0.25, 𝑓1  and 𝑓2 

denotes the calculation parameters of the faradic efficiency 250 

mA2/cm4, 0.96 respectively,        is the rate of hydrogen produc-

tion (mol/s) and 𝜂𝐹  is the Faradaic efficiency. 

The determination of the volume flow rate of hydrogen is influ-

enced by several factors inherent to the electrolysis process and the 

operational parameters of the electrolyzer system. Key factors in-

clude the current density applied to the electrolyzer, the efficiency of 

the electrolysis process, the temperature and pressure conditions 

within the system, and the composition of the electrolyte used. Ad-

ditionally, factors such as the electrode surface area and the design 

 

 

 Figure 4. Simulation model of direct coupling of an electrolyzer to 

PV system 

of the electrolyzer cells can also impact the volume flow rate of hy-

drogen. The hydrogen production rate, denoted by �̇�𝐻2,𝑝𝑟𝑜𝑑 , is ini-

tially measured in units of mol/s, representing the amount of hydro-

gen generated per unit time. To convert this rate into a more com-

monly used unit for industrial applications, such as Nm³/h (normal 

cubic meters per hour), a series of conversions are applied. Firstly, 

to convert from mol/s to mol/h, the production rate is multiplied by 

the number of seconds in an hour (3600), extending the measure-

ment to an hourly basis. Subsequently, to account for the volumetric 

properties of gases under standard conditions (typically defined as 1 

atm pressure and 0°C temperature), the production rate is multiplied 

by the molar volume of an ideal gas at these conditions. This value, 

commonly denoted by 𝑉𝑚 is approximately 0.022414 m³/mol. 

Therefore, the equation for 𝑄, representing the hydrogen production 

rate in Nm³/h, is derived as follows in Eq. (16):  

 

 
(16) 

 

3. Simulation results  

 

The integration of an alkaline electrolyzer system with a photo-

voltaic (PV) array for green hydrogen production has been exten-

sively explored in this research. Through simulation and analysis us-

ing MATLAB/Simulink environment, the dynamic behaviour and 

performance characteristics of the integrated PV-electrolyzer system 

have been investigated. This setup was established to illustrate the 

configuration depicted in Figure 4. 

The simulation model, as depicted in Figures 4 integrates the PV 

system with the alkaline electrolyzer, allowing for the direct cou-

pling of solar energy to drive the electrolysis process for hydrogen 

production. 

The PV model comprises six interconnected subsystems as shown 

in Figure 5 and represent the calculation to modelized the PV using 

Eq. (1) to Eq. (4), while the electrolyzer model in Figure 6, consists 

of three sub-systems: thermal, electrochemical, and hydrogen pro-

duction models. The Eq. (7) to (15) represent the calculation to mod-

elized the alkaline Electrolyzer coupled to PV system. 

 

 PV with single cell (𝑵𝒑 = 𝟏) 

Firstly, the performance of the PV module with a single cell 

(𝑁𝑝 = 1) was analysed under varying irradiation conditions at a con-

stant temperature of 25 °C. Figures 7, 8, and 9 illustrate the I-V and 

P-V characteristics of the PV module, showing the module's current, 

voltage, and power output under different irradiation levels. The in-

put irradiation is shown in Figure 7. Between 0 and 1 s, the irradia-

tion is 200 W/m2, between 1 and 2 s it is 600 W/m2, while from 2 s 

onwards it is 1000 W/m2.These results provide insights into the PV 

system's behaviour and performance under changing environmental 

conditions. 

Figure 8 illustrates the relationship between module current 𝐼𝑃𝑉 

and module voltage 𝑉𝑃𝑉 for varying levels of irradiation. Each 

curve represents a different irradiation level: 200 W/m2, 600 W/m2, 

and 1000 W/m2. As expected, at higher irradiation levels, the module 

current is generally higher across the entire voltage range. This is  

 

�̇�𝐻2,𝑝𝑟𝑜𝑑  

𝑄 = �̇�𝐻2,𝑝𝑟𝑜𝑑 × 3600 × 0.022414 
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Figure 5. The MATLAB/Simulink sub-blocks of the Solar Panel model 

 

 

Figure 6. The MATLAB/Simulink sub-blocks of the electrolyzer 

 

 

because increased solar irradiance leads to greater generation of elec-

trical current in the photovoltaic cells. Conversely, at lower irradia-

tion levels, such as 200 W/m2, the module current is lower across the 

voltage range. This relationship is consistent with the basic behav-

iour of photovoltaic systems, where the amount of electricity gener-

ated is directly proportional to the intensity of incident sunlight. 

In the other hand, the Figure 9 depicts the relationship between 

module power (𝑃𝑃𝑉) and module voltage (𝑉𝑃𝑉) under varying irradi-

ation conditions. Similar to the module current graph, each curve 

represents a different irradiation level: 200 W/m2, 600 W/m2, and 

1000 W/m2. It is evident that module power exhibits a quadratic re-

lationship with module voltage, as expected from the fundamental 

characteristics of photovoltaic systems. At higher irradiation levels, 

the module power curve is shifted upwards, indicating greater power 

output across the voltage range. Conversely, at lower irradiation lev-

els, the module power curve is shifted downwards, reflecting re-

duced power output. This behaviour highlights the direct influence 

of solar irradiance on the power generation capabilities of photovol-

taic modules, with higher irradiance levels resulting in increased 

power output and vice versa. 
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Figure 7. Input – Time varying irradiation 

Figure 8. Module current – I-V characteristics with varying irradiation. 

Figure 9. Module power – P-V characteristics with varying irradiation 

 PV (30 cells) - Electrolyzer 

The PV system with 30 cells connected in parallel (𝑁𝑝 = 30) 

was further investigated in conjunction with the electrolyzer. Apply-

ing the Eq. (4), using 𝑁𝑝 = 30 giving us the 𝐼𝑃𝑉 and  𝑉𝑃𝑉  out-

put for the PV as presented in Figure 10. 

 

 

Figure 10. PV module current (𝐼𝑃𝑉) and voltage (𝑉𝑃𝑉) using 30 cells 

parallel. 

 

The electric current generated from a power photovoltaic array in 

Figure 10 is used as an input signal changing in time with solar radi-

ation.  Based on this simulation results, it is observed that at the be-

ginning of the simulation (0 s), the module current (𝐼𝑃𝑉) is 40 A, 

indicating a high initial current output from the PV system. At the 

same time, the module voltage (𝑉𝑃𝑉) is 0 V, suggesting that the volt-

age output is initially low. Over the course of the simulation from 0 

to 20 s, the module current (𝐼𝑃𝑉)  decreases gradually from 40 A to 

0 A. This decrease in current indicates a reduction in the electrical 

output of the PV system over time. Concurrently, the module voltage 

(𝑉𝑃𝑉)  increases steadily from 0 V to 20 V during the 20 s simula-

tion period. This increase in voltage suggests that the voltage output 

of the PV system rises as the simulation progresses. These observa-

tions are consistent with the typical behaviour of a PV system. Ini-

tially, when there is sufficient sunlight, the PV system generates a 

high current but with a low voltage output. As time passes and the 

simulation progresses, the current output decreases while the voltage 

output increases, reflecting changes in the external conditions (e.g., 

solar irradiance, temperature) or the system's internal dynamics. 

Figure 11.  Production of hydrogen in moles per second 
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Figure 12. Total produced hydrogen in mol. 

The results obtained during simulation of the hydrogen quantities 

are presented in Figure 11. Then the total produced hydrogen in de-

picted in Figure 12. 

Figures 11 and 12 depict the hydrogen flow rates observed at var-

ious temperatures. Across the duration of the simulation, there is a 

noticeable decline in the rate of hydrogen production from an initial 

value of 7 mol/s to approximately 0 mol/s by the end of the 20 s. It 

can be attributed to various factors, including changes in operating 

conditions such as temperature variations or depletion of reactants 

over time. Additionally, it suggests a gradual decrease in the effi-

ciency of the hydrogen generation process as the simulation pro-

gresses. While Figure 12 represents the cumulative amount of hy-

drogen produced over time in moles. Starting from an initial value 

of 5 mol at t = 0 s, the total produced hydrogen steadily increases 

throughout the simulation period, reaching a final value of approxi-

mately 50 mol at t = 20 s. This accumulation of hydrogen over time 

reflects the continuous operation of the hydrogen generation system 

and the progressive conversion of water into hydrogen gas. Despite 

the decrease in the rate of hydrogen production observed in Figure 

11, the cumulative amount of hydrogen continues to rise due to the 

continuous operation of the system. 

In addition, as the current increases, the hydrogen flow rate also 

increases, indicating a direct correlation between current supply and 

hydrogen production. The dissociation reaction responsible for 

breaking the bonds of water molecules is facilitated by the increasing 

current supply to the electrolyzer. Higher current densities lead to 

greater dissociation reactions, resulting in higher hydrogen flow 

rates. 
 

4. Discussion 

The study demonstrates the potential of harnessing solar energy 

for electrolysis, showcasing consistent hydrogen flow rates across 

diverse operational scenarios. This underscores the comparable per-

formance of the integrated PV electrolysis system with prior re-

search, as reported in the existing literature [18]. Through simula-

tions, consistent hydrogen production rates are observed despite 

fluctuations in current supply and solar irradiance, aligning with ob-

servations from previous studies [19]. The comprehensive design 

model developed in the study serves as a springboard for future re-

search avenues, such as maximizing hydrogen production efficiency 

and minimizing energy losses, as suggested in prior literature [20]. 

These endeavors aim to optimize the performance of PV-

electrolyzer systems and unlock the full potential of solar-driven hy-

drogen production. The findings not only highlight the viability of 

solar-powered electrolysis but also provide a solid groundwork for 

further advancements in renewable energy technology. By focusing 

on refining system efficiency and reducing energy wastage, a contri-

bution can be made to a more sustainable energy landscape [21 – 22]. 

 

5. Conclusions 

  In this paper, the production of hydrogen through water electroly-

sis is explored, utilizing an alkaline electrolyzer in conjunction with 

a photovoltaic (PV) system. Central to the study was the develop-

ment and modeling of PV panel and alkaline electrolyzer models 

within the Simpower Systems block of MATLAB/Simulink, facili-

tating the simulation and analysis of the hydrogen production pro-

cess. Through rigorous simulations, the amount of hydrogen gener-

ated by the integrated PV-electrolyzer system under various operat-

ing conditions was quantified. This empirical data provides valuable 

insights into the system's performance and efficiency, serving as a 

foundational step towards optimizing hydrogen production pro-

cesses. Moving forward, the research will extend to exploring energy 

storage solutions aimed at mitigating the technical challenges asso-

ciated with solar energy, wind power, and other intermittent genera-

tors. By addressing the intermittency issues inherent in renewable 

energy sources, the aim is to facilitate their seamless integration with 

utility grids. Energy storage technologies offer a promising avenue 

for enhancing grid stability, reducing reliance on fossil fuels, and 

fostering the widespread adoption of renewable energy. By continu-

ing to investigate and develop innovative energy storage solutions, 

the path can be paved for a more sustainable and resilient energy 

future. Through collaborative efforts across academia, industry, and 

government sectors, the transition towards a greener and more sus-

tainable energy landscape can be accelerated, driving positive envi-

ronmental and socio-economic impacts globally. 
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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 design 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 

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 65,000m2 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 June17, 

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.  

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. 

              
Figure 2. Details of a composite beam, slab and columns [9]. 

 
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-

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. 

3. The joint should have adequate rotational capacity (subse-

quently referred to as ductility) to allow the connection to work as 

plastic hinge. 

4. The applied shear resistance must be less than the shear re-

sistance of the joint. Refer to the Figure 3. 

S. Feng, D. Guan, Z.Guo et al [11] developed the assembly of 

the joint between a new hybrid H-steel precast concrete (HSPC) 

beam and concrete-encased filled steel tubular (CFST) column as 

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 

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-

ure 4) and a significant ductility and the cumulative energy dissi-

pation capacity was 8.8 times that of original specimen. Con-

versely, the enhancement in the steel section with OWB in subas-

sembly was poor compared to the original specimen. Therefore, 

the subassembly with reduced beam section(RBS) was considered 

to resist in seismic region. Refer to the Figure 4 below [15, 16]. 

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

cial step in steel-composite building construction. The steel-con-

crete composite design is done to make safer the building structure. 

The major structural composite members in steel-concrete com-

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]. 

 

 

 

 

 

 

(a) Specimen EJ-1 

 

(b) Specimen EJ-2 

 

(c) Specimen EJ-3 

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]. 

 

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 Ea/Ec. 

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 0.85ƒcd where 

ƒcd=ƒck/γC , 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 ƒyd=ƒy/γA. 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.  

 

 

(a) Details of the components 

  

(b) Connection details of the columns and beams 

 

 (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. 

 

 

 

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, Eurocode1 for the loads on structures, Euro-

code2 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 Eurocode0, Eurocode1, 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. 

Step1.Establishment of the structural layout plan  

Step2.Identification 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: 

Zbtm ≥ 
𝑀𝑇−0.85𝑀0

𝑓𝑐𝑡,𝑡−0.85𝑓𝑐𝑐,0
                (1) 

where Zbtm is the section modulus at the bottom fiber of the 

beam; MT is the moment due to total service load; M0 is the mo-

ment due to selfweight; fct,t is the tensile stress limit of concrete at 

bottom fibre after prestress forces finish transfering; fcc,0 is the 

compressive stress limit of concrete at bottom at prestress forces 

finish transferring. According to Code EC2, the values of fct,t, fct,0, 

fcc,t and fcc,0  are concrete stress limit which are selected for design. 

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

expression: 

h ≥ √𝑍𝑏𝑡𝑚 × 6/𝑏𝑤                (2) 

where bw 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: 

I ≥ 𝛽
𝑊

𝑡𝑜𝑡×𝑙4

𝐸𝑐𝑚𝑉𝑚𝑎𝑥
                  (3) 

where Wtot is the total unbalance load; L is the span of the beam; 

Ecm is the elastic modulus of concrete; Vmax is the limiting maxi-

mum deflection, l/500; and β is deflection coefficient equal to 

5/384. 

Determine prestressing force and eccentricity required at mid-

span of the beam. The section properties αtop and αbtm are obtained 

by the expressions, i.e., αtop= A/Ztop and αbtm= A/Zbtm, where A: 

Cross section area, αtop: the ratio of area to section modulus at top 

fiber of beam and αbtm: the ratio of area to section modulus at bot-

tom fiber of beam, and Ztop: 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 

Pmo ≤ 
𝐴𝑓𝑐𝑡,0+𝛼𝑡𝑜𝑝𝑀0

𝛼𝑡𝑜𝑝𝑒−1
               (4) 

Pmo ≤ 
−𝐴ƒ𝑐𝑐,0+𝛼𝑏𝑡𝑚𝑀0

𝛼𝑏𝑡𝑚𝑒+1
               (5) 

after transfer 

Pmo ≥ 
−𝐴𝑓𝑐𝑡,𝑡+𝛼𝑏𝑡𝑚𝑀𝑇

𝛺(𝛼𝑏𝑡𝑚𝑒+1)
               (6) 

Pmo ≥ 
𝐴𝑓𝑐𝑐,𝑡+𝛼𝑡𝑜𝑝𝑀𝑇

𝛺(𝛼𝑡𝑜𝑝𝑒−1)
                (7) 

where Ω is time-dependent loss of prestress and e is excentricity 

to resultant prestressing force; Pmo is prestress force applied   

fct,t: the tensile strength of concrete after transfer, fct,0:the tensile 

strength of concrete at transfer , fcc,t:compressive strength of con-

crete after transfer and fcc,0: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]. 

 
Figure8. Calculation sketch of hybride steel precast concrete (HSPC) 

beam [11]. 

The distance Lt, 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, Mb 

is the ultimate flexural capacity at the interface between beam and 

column, and can be calculated using EN1994-1-1, as follows:  

Mb = FRd×z                   (8) 

Where FRd 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) 

 

In Figure 8, above, Mt,bt: is theoretical flexural resistance in the 

central section of H-steel region; Mt,br: is the theoretical flexural 

resistance of the end section at RC region; Mbt: is the ultimate 

flexural capacity of the central section of H-steel beam; Mbr 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: 

Mbt / Mt,bt  ≤1                 (9) 

Mbr / Mt,br ≥ 1                 (10) 
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2. Preliminary design of column  

The size of the column is derivered from plastic resistance to 

compression Npl,Rd of a composite cross-section which is ex-

pressed by the following equation:  

Npl,Rd =ηa Aa ƒyd + Acƒcd (1+ηc 
𝑡

𝑑

ƒ𝑦

ƒ𝑐𝑘
)        (11) 

Where Npl,Rd: plastic resistance to compression,t: thickness of 

steel tube ,d:diameter of steel tube , Aa: cross section area of steel 

ƒyd:design tensile strength of steel, Ac:cross section area of con-

crete, ƒcd:design compression strength of concrete,ƒy:yield tensile 

strength of steel,ƒck:characteristic tensile strength of steel, ηa and 

ηc 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 λ 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 MEd /NEd and d is the external diameter of the column. Other-

wise stated, for e/d > 0.1, the values of ηa = 1.0 and ηc = 0, then 

Npl,Rd should be calculated by the following equation:  

Npl,Rd =  Aa ƒyd + Acƒcd              (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 (WEd)： 

WEd=1.35×Deadload+1.5×Liveload         (13) 

WEd = 1.35 × 𝐷𝑒𝑎𝑑 𝑙𝑜𝑎𝑑 + 𝜓0, 𝐿 × 𝐿𝑖𝑣𝑒 𝐿𝑜𝑎𝑑    (14) 

where 𝜓0 is the factor for buildings according to EC0 

(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 : 

Pj = 
𝑃𝑚𝑜

𝛺
                    (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 ƒpk 

or 0.9 ƒp0.1k , where ƒpk is the characteristic strength of strand, and 

ƒp0.1k is 0.1% proof characteristic strength of strand, hence the 

jacking force per strand, Pjstrand can be 0.9 ƒp0.1k  *Area of strand, 

and then the minimum number of seven wire strands can be found 

by jacking force over jacking force per strand. 

 

 

2. Design of non prestressing reinforcement  

a) Design of non prestressing steel rebars in tension 

Considering a section of beam, effective prestress, Pm,t, and the 

area of prestressing steel, Ap, the cross section have been designed 

to satisfy the serviceability of the reqirements 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: 

MRd1=σpud1Ap (dp-
𝜆𝑋1

2
 )              (16) 

where σpud1:stress in strand,Ap:area of strand,dp:effective depth to 

strand,x1:depth to neutral axis, λ:reduction coefficient.If the de-

sign resistance(MRd1) is greater or equal to the design ultimate mo-

ment( MEd), no additional non-prestressing reinforcement is 

needed, but if MRd1 is less than MEd, additional non-presstresing 

reinforcement is required. Hence, 

As ≥ 
𝑀𝐸𝑑−𝑀𝑅𝑑1

ƒ𝑦𝑑×𝑧2
                 (17) 

where MEd is the design ultimate moment; ƒyd is the yield 

strength of reinforcement; Z is the lever arm between the design 

tension force in the additional steel; Fsd and the equal and opposite 

compression force Fcd2 which results in the increase in the depth 

of compressive stress block (refer to Figure 9 below) and As 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:  

Z2 =0.9(ds-λx1)                (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.  

 
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: 

As(2) =
𝑀𝐸𝑑−𝑀𝑅𝑑1

𝜎𝑠𝑑(2)(𝑑𝑠(2)−𝑑𝑠(1))
             (19)  

Where σsd(2):design stress in tension rebar(refer to Figure 

10).The minimum area of additional compression reinforcement 

is given by the following expression: 

As(1)= 
𝐴𝑆(2)𝜎𝑠𝑑(2)

𝜎𝑠𝑑(1)
                (20) 

and the strain in both compression and tension reinforcement can 

be greater than the strain in steel, hence the steel have yielded. 

↋sd(1) = 
ƹ𝑐𝑢3 (𝑥−𝑑𝑠(1)

𝑥
               (21) 

↋sd(2) = 
ƹ𝑐𝑢3 (𝑑𝑠(2)−𝑥)

𝑥
    (22)  

where ds(1) :effective depth to compression rebar, ds(2):effective 

depth to tension rebar,ƹcu3:strain of concrete ↋sd(1) :strain of com-

pression rebar, and ↋sd(2):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]. 

 

Figure 10, doubly reinforced section [23] 

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

The design load WEd is found by using Equation 13 or 14 in 

Step 6 and the design moment (MEd) at mid span is found by using 

this expression:  

MEd = 
𝑊𝐸𝑑𝐿2

8
                  (23)  

The ultimate resistance moment of a rectangular section con-

taining both prestressing steel and non prestressing steel is found 

by this expression: 

MRd = σupdAp (dp - 
𝜆𝑥

2
 )+ƒydAs (ds - 

𝜆𝑥

2
)        (24)  

where x= 
ƒ𝑝𝑑 𝐴𝑝

𝜂ƒ𝑐𝑑𝑏𝜆
 is the depth to the neutral axis of the section,  

ƒpd = 0.9ƒpk/γs is the design strength of prestressing steel, Ap is area 

of prestressing steel, ƒcd is the design compressive strength of con-

crete and b is the width of  beam section, dp and ds are effective 

depth to prestressing steel and non prestressing steel, respectively. 

For a section with non prestressing steel, MRd should be greater 

than MEd, which can be computered as follows:  

MRd = σupdAp (dp -
𝜆𝑥

2
 )             (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 ,VRd,c > VEd, should be checked. Shear re-

sistance should be: 

VRd,c = 
𝐼𝑏𝑤

𝑆
√(ƒ𝐶𝑡𝑑)2 + 𝛼1𝜎𝐶𝑝 ƒ𝐶𝑡𝑑         (26)  

where S:is the first moment area of the section, I is the second 

moment area of the section, 𝜎𝐶𝑝: is  concrete compressive stress 

due to axial load and prestressing, ƒCtd is design concrete tensile 

strength ,bw:width of beam and α1= lx/lpt2 ≤ 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, 2Φ and 20mm, and 

vertical clear spacing be greater than the maximum of dg and 2Φ, 

where Φ is diameter of pretensioned tendon and dg is maximum 

size of aggreagates[31]. 

6. Design of ends connections of beam 

According to Figure 8, the value of Mbt and Mbr 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). Mbt 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: 

ƒcc bc +ƒawAw,co = ƒaw Aw,t            (27) 

The equation for RBS region is obtained considering the 

moment equilibrium: 
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Mbt = fafAbf(h-c-as,t) +0.5faw Aw,t (h-c-as,t) +fafAbf(c-

as,co)+0.5fawAw,co(c-as,co)+0.5fcc bc2         (28) 

where fcc is the axial compressive strength of concrete that is 

determined as 0.85fcd, faf and faw are the yield strengths of the 

flange and the web in H-steel, respectively; as,t is the distance be-

tween the flange of H-steel in the tension zone and the tensile edge 

of the cross section; as,co is the distance between the flange of H-

steel in the compression zone and the compressed edge of the 

cross section; c represent the depth of the neutral axis. Moreover, 

Auf and Abf are the sectional areas of the upper and bottom flanges, 

respectively, in H-steel. Aw,co and Aw,t  denote the sectional areas 

of the beam web in the compression and tension zones, respec-

tively (refer to Figure 11). 

 
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: 

As ≥ 
ƒ𝑎𝑓 𝐴𝑓 (𝐿−𝐿𝑠)

ƒ𝑠 (𝐿−𝐿𝑡)
                 (29) 

where As is the area of steel reinforcement, ƒaƒ is the yield 

strength of steel and ,Aƒ 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 

Lt 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 Aa is determined by 

Aaƒyd (ha+ht-hc/2) ≥ MEd              (30) 

Where Aa: cross section area of steel, ƒyd: design tensile strength 

of steel, ha : depth of steel section ht:thickness of slab, hc:thickness 

of overtoping slab, and MEd:design moment. 

Step 8. Design of composite column  

The ultimate moment of resistance (Mu) 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 

Mu = 0.91ƒy[𝐴𝑆
(ℎ−𝑑𝑐)

2
+ 𝑏𝑡𝑡ƒ (𝑡ƒ + 𝑑𝑐 )]          (31)                                 

dc = 
As−2bf tf

(bρ+4tf )
                                (32)                                 

ρ = 
0.4𝑓𝑐𝑢

0.91𝑓𝑦
                                   (33)                             

where As is area of rolled steel section; h is depth of concrete in 

filled rectangular hollow section, dc is depth to the neutral axis 

from most compressed face of concrete; tƒ is the average thickness 

of the flange of steel section; bƒ is the external dimension of width 

of rectangular hollow section; ρ is the ratio of the average com-

pressive stress in the concrete at failure to the design yield strength 

of the steel. 

 
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 , dh >1.5d and hd > 0.4d, where h is overall 

height of stud, dh is diameter of head of stud, d is diameter of 

shank of stud, hd 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 1.5tf, where 

tf 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: 

PRd =  
0.8ƒ𝑢ᴫ𝑑2/4

𝛾𝑣
      (34)  

 Where ƒu is the ultimate tensile strength of the material of stud 

not greater than 500N/mm2 , d is the diameter of the shank of the 

stud, 16mm ≤ d ≤ 25mm and γv is the partial factor 1.25 (EN1994-

1-1:2004, Clause 6.6.5.7) 
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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,Ed) should not exceed the design axial resistance (N1,Rd) of 

welded joint N1,Rd >N1,Ed,  

N1,Rd=ƒy0t0(2t1+10t0)/γM5     (35) 

Mip,1,Rd =N1,Rd (h1 − t1)                            (36) 

details are found in the Table 7.13 of EN1993-1-8,  

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 (ƒyb) and 

the ultimate tensile strength (ƒub) 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 

 Fv,Ed ≤ Fv,Rd  and Fv,Ed ≤ Fb,Rd , 

(ii) For bolts in tension  

 Ft,Ed ≤ Ft,Rd  and Ft,Ed ≤ Bp,Rd , 

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 e1 =1.2do ,maximum e1=4t+40mm, where 

do 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 e2 =1.2do, maximum e2 = 4t +40mm.  

Minimum spacing p1=2.2do , maximum spacing p1=14t or 200mm. 

Minimum spacing p2= 2.4do, maximum spacing p2=14t or 200mm. 

 

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: 

𝐹𝑣,𝑅𝑑 =
𝛼𝑣ƒ𝑢𝑏𝐴

𝛾𝑀2
                   (37)  

Where the shear plane passes through the threaded portion of 

the bolt ( A is the tensile stress area of the bolt AS ). 

αv =0.6 for bolts of classes 4.6,5.6, and 8.8 

αv =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) αv =0.6 

(ii) Bolt in tension resistance  

𝐹𝑡,𝑅𝑑 =
𝑘2ƒ𝑢𝑏𝐴𝑠

𝛾𝑀2
                  (38) 

Where k2=0.9 

Bp,Rd = 0.6Пdmtpƒu / γM2               (39) 

Bp,Rd is punching shear resistance , dm is diameter of bolt, tp is 

threaded height of bolt in plate and ƒu is ultimate strength of bolt 

[35,36-38]. 

(iii) Bolt in bearing  

𝐹𝑡,𝑅𝑑 =
𝑘1 𝛼𝑏

ƒ𝑢 𝑑𝑡

𝛾𝑀2
                   (40) 

Where αb is the smallest of αd , 
ƒ𝑢𝑏

ƒ𝑢
 or 1.0, d is the diameter of 

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

for end bolts, αd = 
𝑒1

3𝑑𝑜
 ,  αd= 

𝑃1

3𝑑𝑜
−

1

4
 for inner bolts Perpendic-

ular to the direction of load transfer, For edges bolts, k1 is the 

smallest of 2.8
𝑒2

𝑑𝑜
 -1.7 or 2.5 For inner bolts, k1 is the smallest 

of 1.4
𝑃2

𝑑𝑜
 -1.7 or 2.5.For one bolt row in single lap joints, the de-

sign bearing resistance for each bolt should be limited to: Fb,Rd ≤ 

1.5 ƒu dt /γM2. 

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 ETAB17 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 63.6m×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 

 

 

 

Material properties                       

       

Values 

African 

design 

system 

Chin

ese 

 desi

gn  

syste

m  

Unity weight of masonry 21kN/m3 21kN

/m3 

Unity weight of reinforced concrete 25kN/m3 25kN

/m3 

 

Grade of concrete C35/C45

  or  

ƒck =35 

C40 

Grade of rebar B400 HRB

400 

Grade of steel S235,  

 S355 

Q23

5, 

Q355 

Modulus of elasticity of concrete(Ecm) 34,000M

Pa 

32,50

0MP

a 

Initial modulus of elasticity (Ecm(to) 30,000M

Pa 

- 

Modulus of elasticity of steel 210,000

MPa 

200,0

00M

Pa 

Grade of prestressing steel(strand) 1860MP

a 

1860

MPa 

Initial characteristic strength of concrete (ƒck

(to)) 

17.6MPa 26.8

MPa 

 

Initial mean tensile strength of concrete(ƒctm

(to) 

2.8MPa - 

Mean tensile strength of concrete (ƒctm) 3.2MPa - 

Tensile strength of concrete at transfer of p

restress(ƒct,0)   

ƒct,0=0.5ƒ

ctm(to)=1.

4MPa 

- 

Compressive strength of concrete at transfer 

of prestress(ƒcc,0) 

ƒcc,0 = -

0.5 ƒck(t

o)=-8.8M

Pa 

- 

Tensile strength of concrete after transfer of

 prestress(ƒct,t) 

ƒct,t=0.5 

ƒctm=1.6

MPa 

- 

Compressive strength of concrete after trans

fer of prestress (ƒcc,t) 

ƒcc,t = -

0.5ƒck = 

-17.5MP

a 

- 

 

 

 

 

 

 

 

 

 

 

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

Chinese design system 

Load conditions Values 

African design 

system 

Chinese desi

gn system 

Dead load  Self-weight of str

uctural members 

Self-weight o

f members 

Live load for office(minimu

m) 

2kN/m2 2kN/m2   

Live load on roof 0.5kN/m2 0.5kN/m2 

Plaster on floor 0.4kN/m2 0.4kN/m2 

Floor tiles 0.45kN/m2 0.45kN/m2 

Gypsum mortar under floor s

lab    

0.36kN/m2 0.36kN/m2 

Iron garvanized sheets 0.12kN/m2 0.12kN/m2 

Truss 0.3kN/m2 0.3kN/m2 

Purlins and system bracing 0.1kN/m2 0.1kN/m2 

Gypsum ceiling  0.1kN/m2 0.1kN/m2 

Table 4. Earthquake parameters 

 African design syst

em  

Chinese design 

system  

 

Location Southern Province 

of Rwanda, Huye 

City      

Suzhou, China 

Seismic zone(earthquake l

evel or intensity) 

VI with PGA  0.1

0g 

7 with PGA 0.

10g 

Earth quake design group - 1 

Ground type(Site class) Type C Site class II 

Importance  factor 1 - 

Time period(Vibration per

iod)T       

T= CtH3/4 Ct = 0.0

5, H=18.1m T=0.4

4s 

0.45s 

Earthquake load direction X and Y direction X and Y directi

on 

Diaphragm type Rigid Rigid 

 

Type of analysis Linear Static Linear Static 

 

 
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

angular steel tube 

columns 

External columns 

650X550mm(550x4

50x20mm) 

Internal columns 

 850X750mm(750x

650x24mm)  

External columns 

650x550mm(550x45

0x16mm) 

Internal columns 

600x500mm(500x40

0x16mm) 

HSB(High Strength 

Bolt) 

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 

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 

 

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 FEk =4,054.47kN in Chinese design 

system is less than Fb = 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 Sd(T1) = 0.0871g for African 

method and αmax=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. 

1

2
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4

300,00 600,00 900,00 1.200,00 1.500,00

S
to
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Table 7. Max interstorey drift in X direction due to earthquake 

Chinese Design system African design system 

 

Storey Drift (%) Storey D r i f t  

(%) 

%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 

 

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 D r i f t  

(%) 

%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 

 

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 

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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ABSTRACT 
 
The application of Self-Compacting Concrete (SCC) in the construction industry has been adopted over the years and its quality 

over normal concrete has been influential. The high-rise construction demands emphasize the necessity of concrete pumping 

technology due to limited working space. Concrete made from manufactured sand was produced and the variation of free fall 

height based on the experiment of SCC was studied. This study assesses both the mechanical properties of SCC cast after free fall 

from various heights and its applications in the CFST columns. The study specifically focuses on a varied height of free fall at 

6m, 6.5m, 7m, 7.5m, and 8m. The workability performance of this SCC, batched from manufactured sand has been evaluated, 

and slump extension between 500-600 mm was obtained. The concrete cubes and prism specimens were tested for compressive 

and splitting, therefore the associate strength was obtained. Testing both normal and SCC reveals unfavourable effects in strength 

reduction with an increase in free fall height. At the final height of 8m, an observed decrease in strength of about 15%-20% using 

SCC was observed. At 6.5m, there is a 3% decrease in strength, and the reduction in cube-splitting strength ranges from 7% to 

11% with SCC from natural sand. When the free fall height is 7m, the cubic compressive strength is reduced by about 4.3-5.4%, 

and its cube-splitting strength at a height of 7m decreases by approximately 7–11%. Despite the gradual decrease noted in this 

study, the application of SCC obtained at 7m in CFST has demonstrated reliable results in terms of combined strength, suggesting 

its use in columns not exceeding the same height. 
 

Keywords: SCC, CFST, Free fall height, manufactured sand, compressive strength  

History 

Received: 27.01.2024 

Accepted: 03.06.2024 

How to cite this paper: 

Author Contacts                                      

*Corresponding Author 

e-mail addresses : nijeandoss5@gmail.com*, marc1shyaka@gmail.com*  

Ninteretse, J.D., Nshimiyimana, M., Niyogisubizo, J., Sugira, J.C., Niyongabo, A.  (2024). Asses

sing Mechanical Properties of Free-Fall Self-Compacting Concrete and its Application in Concret

e-Filled Steel Tube Columns. Engineering Perspective, 4 (2), 84-94. http://dx.doi.org/10.29228/en

g.pers.76064  
 

1. Introduction 

Over the years, with the rapid development of concrete materials, 

the application of high-performance concretes with excellent prop-

erties has been widely adopted. SCC is one of the concretes with 

incomparable excellent working performance about other concretes. 

In the early 1980s, the Japanese research team prepared SCC with 

ordinary concrete materials for the first time and named it solid con-

crete [1, 2]. Since then, more and more researchers have begun to 

develop and widely use SCC in the construction of skyscrapers and 

modern houses. 

SCC has been described as the most revolutionary development 

in concrete construction for several decades. It has continuously 

been adopted in the construction industry due to its added properties 

over ordinary concrete. The increase in use lies in the structural lim-

itations of normal concrete considered as low resistance to tensile 

loading, cracking, vibration, density, strength development, final 

strength, and durability. SCC has been proven to have the best qual-

ity control thus flowing like honey, its ability to flow into a confined 

space is the added value when combined with steel reinforcements. 

The scenario that SCC can be manufactured in a site batching plant 
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or a ready-mix concrete plant, and delivered to the site by truck can 

lead to the concrete free fall method especially when the working 

space is limited. Due to its self-vibration, SCC will have a stronger 

strength than standard vibrated concrete with a similar water-to-ce-

ment ratio. Then, this led it to be placed either by pumping or pour-

ing into horizontal or vertical structures, some literature suggests, 

SCC can be poured above 5 m in height without any sort of segrega-

tion using a well-built SCC. On the other hand, some studies limit 

the standard maximum free drop height and maximum lateral flow 

distance should be around 5 m or less and 8 to l5 m or less, respec-

tively s per EFNARC 2002 guidelines. 

Currently, the use of SCC has gained popularity for its fluidity and 

anti-segregation properties thus being preferable in CFST columns. 

However, during high falls, before SCC is cast in designated col-

umns can segregate, affecting its mechanical properties. The mix 

proportions in this case are critical, impacting compaction and CFST 

performance. The paste volume and aggregate ratios also affect the 

post-peak behaviour and ductility of these tubes. SCC's use in verti-

cal structural members, like densely reinforced wall columns and 

nodal core areas, has been assured to cause segregation due to throw-

ing out. The issues like displacement of reinforcements or damage 

of formwork, adhere to the construction codes and practices during 

concrete pouring, especially when allowing concrete to fall freely [3, 

4]. Factors such as concrete ingredients, mixing, proportion, appli-

cation method, and free fall height influence concrete compactness 

in the steel tubes. Empty spaces in steel tube may form thus, reducing 

its ability to confine the concrete core, thereby decreasing the load-

carrying capacity and ductility of the structure [5, 6]. BS81101:1997 

mandates precautions to prevent displacement of reinforcement, 

ducts, formwork, and damage to formwork faces during free falling 

of concrete, emphasizing the need for a cohesive, non-segregating 

mix while ACI standards do not specify a maximum free-falling 

height for concrete, the "Technical Regulations for the Application 

of SCC" limit pouring heights in reinforced column wall formwork 

to 5 m, extending to 9 m with the use of auxiliary devices like chutes 

and tandem tubes. 

This study highlights the adaptability of free-fall SCC in hollow 

steel tube technology. Hou et al. [7] emphasized the significance of 

the construction stage in quality management for CFST members by 

highlighting the impact of construction methods on void formation, 

particularly during the prevalent pumping method. The method, 

commonly used, presents challenges as the air density within the 

steel tube rises with concrete height during pumping, risking voids 

if not promptly discharged. Despite the use of micro expansion 

agents, the shrinkage of high-strength core concrete may lead to 

voids between steel tubes and concrete over time, attributed to 

shrinkage and creep. Cao et al. [8] conducted a model test and theo-

retical analysis on core concrete filling in a CFST project. They 

found that the degree of void significantly affects the ultimate bear-

ing capacity of such tubular members, more severe void reduces the 

bearing capacity. Chen et al. [9] analysed the axial compression pro-

cess of hollow CFST and established the relationship between hol-

low degree and axial force. The void space in the tube increases ini-

tially with axial load, but beyond a critical value, it decreases with 

further axial load increase. Tests conducted by Zheng et al. [10], and 

Kumari et al. [11] revealed that the bearing capacity of CFST mem-

bers with voids is lower than that of those without voids. The study 

found that insufficiently dense core concrete pouring can impact the 

coordinated stress between the steel tube and concrete, leading to a 

reduction in the bearing capacity of CFST members. 

The steel tube and the infilled concrete work together to resist the 

applied external load, which is a fundamental assumption in the use 

of CFST columns. The factors affecting the compactness of concrete 

in steel tubes include concrete components, mixing, proportion, ap-

plication method, and height of fall. Voids between the concrete core 

and outer steel tube can decrease confinement, reducing load capac-

ity and utility. SCC is commonly used in CFST structures, but the 

compaction level within the steel tube is rarely studied. This study 

uses the common techniques for checking the quality of SCC in con-

fined spaces like the percussion–acoustic method, well-known for its 

cost-effectiveness and high efficiency in detecting voids within con-

crete exposed to air. This method has been adapted for identifying 

voids in underwater concrete, considering the fluid-structure cou-

pling effect. The Impact Rebound Method serves to indicate surface 

hardness, exhibiting correlation with concrete compressive strength. 

Additionally, the Vibration Test Method involves applying shock vi-

brations to prismatic specimens by hammering one end in the longi-

tudinal direction. This method consolidates concrete in two stages: 

firstly, by displacing concrete particles and secondly, by eliminating 

trapped air (For Construction). 

Shortage of working space mainly on small construction sites is 

likely and some methods of concrete casting can be adopted. This 

study is based on the experimental investigation of pouring concrete 

from heights, assessing the possible mechanical properties: com-

pressive and tensile strength, and workability which is important in 

vibration and pouring to avoid segregation. This study aims to inves-

tigate the free fall properties of SCC made from artificial /manufac-

tured sand. It applies artificial sand to demonstrate SCC's reliability 

in CFST columns within specified steel design sections. The free fall 

heights were varied at concrete batches from heights: 6m, 6.5m, 7m, 

7.5m, and 8m based on the conflicts of existing literature. Addition-

ally, the results from the best-performance batch were adopted into 

CFST for dual purposes: achieving the properties of hardened SCC 

and combined strength through its application. Finally, the use of 

percussion, Impact rebound, and Vibration testing were employed to 

ensure the distribution and quality of adopted SCC. 

2. Materials and Methods 

2.1 Materials 

This study acknowledges the suitability of natural and man-made 

(manufactured) sand in concrete. These enhance binding with ce-

ment thus boosting strength and durability. Cement interacts with 

fine sands and various-sized gravels, enabling adaptable concrete 

mixes. Fly ash and mineral powder refine properties, contributing to 

workability and long-term strength. These materials enhance spe-

cific properties and reduce water content without affecting worka-

bility. Hallow steel tube columns filled with SCC mixes offer a 

unique blend of strength and lightness for high-rise buildings and 

large-span structures. 

For this study, SCC and CFST were designed and tested to ensure 

the feasibility and extensive application in practice. The manufac-

tured sand obtained from crushed gravel was used to make the quan-

tity of SCC. The concrete, truck mixer has been used for mixing 

large volume quantity and quality concrete needed in the experiment. 

https://www.forconstructionpros.com/concrete/article/21072546/giatec-scientific-inc-7-methods-for-testing-concrete-strength
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Additionally, the SCC was tested using both cubes and prism form-

works. The results from slump, compressive strength, and splitting 

strength tests were obtained. The hallow steel tube sections of square, 

rectangular, and circular shapes were employed, and used in appli-

cation thus defining the purpose of this study. 

2.2. Methods 

2.2.1. Experimental Design 

The experiment was conducted using artificial sand to make a C40 

standard SCC; corresponding working performance (slump exten-

sion 500-600 mm) was taken as parameters to discuss the influence 

of manufactured sand on the working performance under a high drop 

of SCC. According to Table 1, SCC prepared using machine-made 

sand generally performs worse than natural sand. The main reason is 

that the fineness modulus of machine-made sand is small, usually 

only about 1.0, and the content of lime powder is large, which also 

reduces the cohesion of fresh concrete. 

Table 1. Mix ratio of SCC with artificial sand 
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Ⅰ 294 660 219 88 442 355 63 63 8.32 42 165 1.8% 570 
Ⅱ 294 660 219 88 442 355 63 63 7.85 42 165 1.8% 600 
Ⅲ 294 917 - 85 443 339 63 63 8.32 42 165 1.8% 580 

Ⅴ 284 908 - 82 415 332 63 63 8.81 42 165 1.8% 570 

Ⅳ 294 765 135 86 432 346 63 63 8.32 42 165 1.8% 500 

 

From the observed SCC performance from the initial slump ex-

tension of 690mm, at T500 (time in seconds taken by the concrete to 

reach a spread diameter of 500mm after the cone is lifted) [12, 13] 

was 1.5s, 1.5 hours later, the slump of 630mm, at T500 was 2.25s, it 

indicated a significant loss of about 60mm; The initial falling time 

of the slump cylinder was 2.2s, and about 2.89s after 1.5 hours. 

There was no bleeding phenomenon around the collapse extension 

and inversion test of concrete.  

In this comprehensive study, a thorough examination was con-

ducted on a total of 48 CFST columns to provide a detailed analysis 

of their structural behaviour. Among these columns, 10 were de-

signed with a circular cross-section, while the remaining 38 featured 

a rectangular configuration. It is noted that the steel tubes used in this 

research were fabricated from Q355B steel, known for its high 

strength and durability. The selection of Q355B steel ensures that the 

CFST columns exhibit robust mechanical properties, contributing 

significantly to overall structural integrity [14, 15]. The internal cav-

ities of these steel tubes were uniformly filled with high-perfor-

mance C40 concrete, further augmenting the columns' load-bearing 

capacity and overall performance. This incorporation of Q355B steel 

and C40 concrete not only aligns with contemporary construction 

standards but also represents a deliberate choice to achieve optimal 

strength and stability in the tested CFST columns as detailed in Table 

2 and Figure 1. 

It is therefore proven that in the construction of CFST columns 

with dense diaphragms, various methods can be employed. The uti-

lization of the pipe jacking method for high or large one-time pour-

ing heights, and achieving the required jacking pressure can be chal-

lenging. Alternatively, a method similar to underwater concrete tube 

pouring requires a special vibrator and complex safety measures 

when operating at high altitudes. However, the SCC tube method 

poured directly from the top of the column, utilizes the fluidity of 

SCC to eliminate the need for vibration. During the pouring process, 

a gap (free fall) is maintained between the duct end and the concrete 

surface. 

 

Table 2. Information table of steel tube columns 

Component m
ember 

Section size(mm) 
Root num

ber 
Concrete stren

gth class 

GKZ 1 □1500*1000*40 16 C40 
GKZ 2 □1600*1600*40 2 C40 
GKZ3a □1000*1000*40 6 C40 
GKZ3b □1000*1000*30 6 C40 
GKZ4 □800*800*35 14 C40 
GKZ5 □700*500*20 10 C40 
GKZ6 □800*500*24 4 C40 
GKZ7 ○1000*30 10 C40 

Note: □ represents rectangular/square steel columns, ○represents circular 

steel columns 

Figure 1. Detailed drawing of column section size 

 2.2.2. Experimental Methodology 

The height from concrete drop was set to 6m, 6.5m, 7m, 7.5m and 

8m, the mixture was set to unique and the variation in the properties 

based on height of drop were noted. The concrete truck was set to 
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fixed station and the conduit was varied based on free-fall heights 

respectively. The purpose of undertaking these heights refer to the 

uncertain and challenges of different construction site conditions 

where accessing the concreting points is very complicated thus de-

laying the project and increase cost uncertainties. The difference in 

the five batches lies in the height of pump truck conduit, the results 

associated with the tests procedures were provided under slump test 

using slump cone, compressive strength tests using cube mould, and 

splitting tests using prism mould.  

During the concreting process from concrete pump truck to 

ground base, it was required to pour 20mm of cement mortar with 

the same proportion, to prevent the rebound of the concrete falling 

process. A layer of soil was underlaid, rain canvas was laid on it, and 

concrete was freely dropped from different heights by placing 

booms, and then casted into the cube and prismatic test moulds. Even 

though the site was soft, there was a significance rebound phenome-

non and the most obvious falling distance was 8m. According to the 

field observations, the rebound height was approximately 0.3 m hor-

izontally. The field observation indicates that although there is a re-

bound, there is no great segregation.  

2.2.2.1. Quality Detection Methods 

Flowing of SCC in conduit results in minimum loss of strength 

depending on the quality of concrete produced, however, it is im-

portant to consider the concrete flow through conduit over height. 

The purpose of varying the heights of conduit from 6m to 8m ex-

plains the different strength obtained though seemed to have no prac-

tical restrictions when combined with steel. Concrete was applied in 

CFST columns of previously specified sizes and shapes which re-

sulted in a very beautiful columns with less voids. The applications 

were adopted according to the code of practices regarding the uses 

of SCC in CFST with great care and the sound results were obtained. 

This section explains the 3 methods used for checking the hardened 

properties and qualities of casted CFST columns. 

2.2.2.2. Percussion method 

The incorporation of percussion method in CFST columns serves 

the purpose of ensuring optimal compaction and consolidation of the 

concrete. This technique employs percussion or vibration methods 

throughout the construction process to eliminate air voids, improve 

the bond between steel and concrete, and achieve a uniform density 

across the entire column [16, 17]. To assess the concrete's density 

within the column tube, a sound-based analysis was employed, uti-

lizing a specialized Number 3 steel hammer designed specifically for 

quality inspections. The inspection process involves comprehensive 

percussion testing on each steel tube column. These inspections oc-

curred at both 7 and 28 days, ensuring a thorough and accurate eval-

uation of concrete density within the columns. This method entails 

tapping at several equidistant points along the column's periphery, 

moving from the bottom to the top. Given that the two ends of the 

CFST column are fixed, there is a disparity in amplitude between 

them, resulting in inconsistent knocking sounds between the middle 

and the two ends of the column. Any deviation from the expected 

sounds, including the identification of a third kind of sound, is con-

sidered abnormal during this assessment. 

 

2.2.2.3. Impact rebound method 

The rebound hammer is a non-destructive testing apparatus, 

whereby the rebound of the spring-driven mass is measured after its 

impact with the concrete surface. The output of the rebound hammer 

is referred to as the rebound number and is correlated with the sur-

face hardness of concrete [18]. When hammering the surface of the 

concrete structure, vibration will be induced on the surface. The elas-

tic wave signal is continuously excited along the test concrete sur-

face. By extracting the reflected signal and processing the corre-

sponding image, the internal defects of the structure can be identified. 

In general, the following changes in vibration characteristics occur 

at the part where stripping occurs as shown in Figure 2: 

(1) The bending stiffness decreases significantly, and the tran-

scendence cycle increases; 

(2) The escape of elastic wave energy becomes slow, and the du-

ration of vibration becomes longer; 

Figure 2. Variation characteristics of vibration parameters during peel-

ing/emptying 

When the structure is empty, the indexes (excellent period, dura-

tion) all tend to increase. Due to the lack of an absolute threshold, 

the induced vibration method involves many parameters, such as du-

ration, predominance period, etc. To normalize relevant parameters, 

a void index can be introduced.  

2.2.2.4. Vibration test method 

The vibration test method in CFST construction aims to optimize 

mechanical properties by ensuring thorough compaction, uniform 

density, and void elimination within the concrete fill [19, 20]. This 

method enhances the material's strength and load-bearing capacity 

by eliminating air voids, promoting homogeneous distribution, and 

improving bonding between the steel tube and concrete. By focusing 

on compaction and uniformity, the vibration test method enhances 

the structural integrity and reliability of CFST columns, ensuring 

they meet standards while effectively supporting various loads and 

stresses within diverse structural applications. The signal acquisition 

system is selected, the appropriate acquisition parameters are set, the 

CFST structure is tested several times, and multiple acceleration re-

sponse signals of the CFST under transient excitation are obtained. 

3. Results and Discussions  

This section details the results obtained from compressive and 

splitting tests performed using manufactured sand, demonstrating 
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the influence of the studied free fall heights on the mechanical prop-

erties of SCC. It presents the results from 144 specimens – 54 for 

compressive strength and 54 for splitting strength of both normal 

concrete and SCC with cube moulds, while also presenting 36 spec-

imens for both normal concrete and SCC with prism specimen. 

3.1. Cube compressive test results 

Table 3 shows the specimen numbers and cube compressive 

strength with the free-falling height of SCC as parameters. SCC 

stands for Self-Compacting Concrete, and NC stands for ordinary 

concrete. The second numbers, 0 and 1, represent the concrete at the 

test site to start the test. 0 represents the concrete to the site immedi-

ately used to start the test, and 1 represents the concrete to the site 

after waiting for 1 hour to start the test. On the other hand, 0, 6, 6.5, 

7, 7.5, and 8 represent free-fall heights in m. For example, SCC-0-6 

represents the test study of a 6m free fall from SCC to the site im-

mediately. 

Table 3. Cube compressive strength of each specimen 

3.2 Cube-splitting test results 

The corresponding cube-splitting strength of each test specimen 

in the first batch is shown in Table 4. Splitting strength is calculated 

according to Eq. (1):       

𝑓𝑠𝑝 =
2𝐹

𝜋𝐴
=

0.637𝐹

𝐴
                  (1) 

In the Equation: 𝑓𝑠𝑝 is the splitting strength, F is the ultimate load, 

and A is the cross-sectional area of the cube. 

 

Table 3. Splitting tensile strength of cubic concrete 
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SCC-0-0 SCC 0 0 4.28 4.69 4.27 4.41 1.00 

SCC-0-6 SCC 0 6 4.73 4.29 4.13 4.38 0.99 

SCC-0-6.5 SCC 0 6.5 4.05 4.22 4.41 4.23 0.96 

SCC-0-7 SCC 0 7 4.13 4.30 3.93 4.12 0.93 

SCC-0-7.5 SCC 0 7.5 4.08 3.90 4.06 4.02 0.91 

SCC-0-8 SCC 0 8 3.76 3.76 3.96 3.83 0.87 

SCC-1-0 SCC 1 0 4.55 4.20 4.03 4.26 1.00 

SCC-1-6 SCC 1 6 4.49 4.21 3.55 4.08 0.96 

SCC-1-6.5 SCC 1 6.5 3.44 3.96 4.16 3.85 0.90 

SCC-1-7 SCC 1 7 3.74 3.88 3.58 3.73 0.88 

SCC-1-7.5 SCC 1 7.5 3.63 3.71 3.56 3.63 0.85 

SCC-1-8 SCC 1 8 3.47 3.71 3.41 3.53 0.83 

NC-0-0 NC 0 0 4.12 3.79 4.27 4.06 1.00 

NC-0-6 NC 0 6 4.11 3.55 3.84 3.83 0.94 

NC -0-6.5 NC 0 6.5 3.97 3.84 3.41 3.74 0.92 

NC -0-7 NC 0 7 3.87 3.46 3.32 3.55 0.87 

NC -0-7.5 NC 0 7.5 3.57 3.30 3.27 3.38 0.83 

NC -0-8 NC 0 8 2.99 3.42 3.21 3.21 0.79 

3.3 Test results of stress-strain curves of prisms under axial 

compression 

This section focuses on the laboratory experimental phenomenon. 

Figure 3 shows the typical failure pattern of prismatic specimens un-

der axial compression. It can be seen from the figure that the failure 

pattern of prismatic specimens under axial compression is generally 

similar to that of ordinary concrete. Still, the specimens with higher 

drop height have a more severe shedding phenomenon during failure, 

and the phenomenon of two inverted cones is evident. 

The stress-strain curves of the prisms in each group are presented in 

Table 5 and plotted in Figure 4 and Figure 5. The stress-strain curves 

shown in the Figures illustrate the characteristic phases observed in the 

behaviour of each prism specimen. These curves typically exhibit dis-

tinct segments, including the elastic section, where the material under-

goes reversible deformation; the splitting section, where the onset of fail-

ure or fracture is evident; the descending section, indicating the materi-

al's post-peak deformation; and finally, the residual section, representing 

the residual strength or stability after the peak stress has been reached 
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SCC-0-0 SCC 0 0 61  66  61  63  1.00  

SCC-0-6 SCC 0 6 63  61  61  62  0.98  

SCC-0-6.5 SCC 0 6.5 60  66  59  61  0.97  

SCC-0-7 SCC 0 7 58  60  58  59  0.94  

SCC-0-7.5 SCC 0 7.5 58  57  58  57  0.90  

SCC-0-8 SCC 0 8 54  55  55  55  0.87  

SCC-1-0 SCC 1 0 61  64  62  62  1.00  

SCC-1-6 SCC 1 6 65  65  66  65  1.05  

SCC-1-6.5 SCC 1 6.5 59  60  62  61  0.98  

SCC-1-7 SCC 1 7 58  59  58  58  0.94  

SCC-1-7.5 SCC 1 7.5 53  53  54  54  0.87  

SCC-1-8 SCC 1 8 55  40  60  52  0.84  

NC-0-0 NC  0 0 61  62  59  61  1.00  

NC-0-6 NC 0 6 59  57  56  57  0.93  

NC -0-6.5 NC 0 6.5 56  55  55  55  0.90  

NC -0-7 NC  0 7 53  53  50  52  0.85  

NC -0-7.5 NC 0 7.5 47  51  50  49  0.80  

NC -0-8 NC 0 8 47  45  47  46  0.75  
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Figure 3. Failure modes of prisms under axial compression 

3.4 Influence of free fall height on various mechanical properties 

This section details the results of the relationship between com-

pressive and splitting strengths based on the equations developed by 

the American Concrete Institute (ACI) in 1999, as have been modi-

fied by many scholars [21, 22].  To examine influencing factors 

such as free-falling height, time-loss, and slump extension of SCC 

corresponding strength reduction coefficients defined as 𝜆. The spe-

cific algorithms are outlined in Eq. (2), Eq. (3), and Eq. (4) respec-

tively. 

𝜆ℎ−𝑐𝑢 =
𝑓cu,h

𝑓cu,0
             （2） 

𝜆ℎ−𝑠𝑣 =
𝑓sp,h

𝑓sp,0
              （3） 

𝜆ℎ−𝑐 =
𝑓c,h

𝑓c,0
          （4） 

Where, 𝜆ℎ−𝑐𝑢 , 𝜆ℎ−𝑠𝑝 , 𝜆ℎ−𝑐  represent reduction strengths of 

compressive, and splitting strengths for cube and prism specimens, 

respectively due to free fall height. 

As the height increases, the cube's compressive and splitting 

strengths, as well as prismatic compressive strength, generally ex-

hibit a downward trend. Figure 6 illustrates the decrease in the com-

pressive strength of the cube with an increase in height. However, 

when compared with ordinary concrete, SCC shows a smaller de-

cline range. In Figure 6 (b), as the height of free fall increases from 

0 to 6.5m, the compressive strength of SCC only decreases by about 

3%. Nevertheless, with further height increase, a gradual decrease is 

observed, reaching approximately 15% when the height reaches 8m. 

In contrast, the height increases in ordinary concrete from 0 to 8m 

resulting in a decline range of about 25%. The observed characteris-

tics of SCC are primarily attributed to its high cement content, lead-

ing to a thicker water-cement slurry during the falling process. This, 

coupled with the substantial compressive strength of coarse aggre-

gates, sets SCC apart from ordinary concrete, which typically has a 

slump of up to 180 mm. The increased use of powder admixtures in 

SCC results in a denser cement paste with weaker adhesion, causing 

a higher likelihood of separation between coarse aggregates and ce-

ment paste during movement. Figure 6 illustrates that, under the 

same free-fall height, the strength of a specimen subjected to a 1-

hour delay before testing shows a similar decline as those tested im-

mediately. This suggests that a delay of 1 hour has a minimal effect 

on the concrete's strength. 

 

Table 5. Typical characteristic values of various prismatic specimens 

Specimen 
number 

Prism strength Peak strain 

fc / MPa 𝝀𝒉−𝒄
 εcu /με 𝝀𝒉−𝒄

 

SCC-0-0 

53.6 

53.2 1 

2040 

2046 1.0 54.8 2040 

51.2 2060 

SCC-0-6 

53.8 

51.9 0.98 

1540 

1650 0.81 48.9 1709 

53.1 1702 

SCC-0-6.5 

52.9 

51.6 0.97 

1697 

1833 0.90 52.0 1681 

49.9 2121 

SCC-0-7 

54.4 

49.2 0.92 

1987 

1850 0.90 44.8 1734 

48.3 1829 

SCC-0-7.5 

44.7 

46.7 0.87 

1752 

1794 0.88 45.0 1729 

50.5 1902 

SCC-0-8 

43.3 

42.2 0.79 

1579 

1674 0.82 43.0 1832 

40.4 1612 

SCC-1-0 

51 

50.1 1 

1797 

1720 1.0 53.6 1883 

45.9 1481 

SCC-1-6 

51.3 

51.3 1.02 

1646 

1756 1.02 46.1 1722 

51.1 1899 

SCC-1-6.5 

50.5 

49.2 0.98 

1485 

1810 1.05 48.6 1902 

48.6 2043 

SCC-1-7 

45.5 

48.0 0.94 

1849 

1981 1.15 49.8 1961 

48.8 2135 

SCC-1-7.5 

48.4 

47.0 0.92 

1857 

1702 0.99 47.9 1870 

44.6 1379 

SCC-1-8 

45.6 

45.7 0.89 

1438 

1630 0.95 

42.1 1853 

49.3 1600 

49.5 1764 

48.4 1723 

(f) 8m(e) 7.5m(d) 7m
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a)  SCC-0-0 

 
b)  SCC-0-6 

 
c)  SCC-0-6.5 

 
d)  SCC-0-7 

 
e) SCC-0-7.5 

 
f) SCC-0-8 

Figure 4. Relationship between stress and strain for specimens made of SCC 
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a)  SCC-1-0 

 
b)  SCC-1-6 

 
c)  SCC-1-6.5 

 
d)  SCC-1-7 

 
e)  SCC-1-7.5 

 
f)  SCC-1-8 

Figure 5. Relationship between stress-strain of specimens of SCC after standing for one hour. 
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𝑎) 𝑓𝑐𝑢 − ℎ 

b) 𝜆ℎ−𝑐𝑢 − ℎ 

Figure 6. Influence of free fall height on compressive strength of cube 

Figure 7 shows that the correlation between the free fall height and 

the splitting strength of a concrete cube closely mirrors that observed 

in the compressive strength of a concrete cube. Both exhibit a similar 

decreasing trend, with the amplitude of decline roughly equivalent. 

Notably, when the free fall height of SCC specimens in two distinct 

groups reaches 8 meters, there is an approximate 17% reduction in 

the splitting strength of the concrete cube. This suggests a consistent 

and predictable impact of free fall height on the mechanical proper-

ties of the concrete, emphasizing the importance of understanding 

and controlling this factor in structural analysis and design.  

3.5. Compressive properties of manufactured sand SCC cube af-

ter high throwing 

The SCC is prepared with manufactured sand when the free fall 

height of the concrete is 7m, and its cubic compressive strength is 

reduced by about 4.3-5.4%, similar to the SCC prepared with natural 

sand. The reduction is roughly the same. Table 6 shows the compres-

sive strength of SCC cube specimens with manufactured sand.  

 

 

 

 

𝑎) 𝑓𝑐𝑢 − ℎ 

𝑏) 𝜆ℎ−𝑠𝑝 − ℎ 

Figure 7. Influence of free fall height on splitting strength of cube 

Table 6. Compressive strength of cubic concrete 
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of 

change 
SCC-Ⅰ-0 0 70  74  75  73  

-5.4% 
SCC-Ⅰ-7 7 70  70  68  69  
SCC-Ⅱ-0 0 64  69  68  67  

-4.5% 
SCC-Ⅱ-7 7 63  65  64  64  
SCC-Ⅲ-0 0 68  70  66  68  

-4.4% 
SCC-Ⅲ-7 7 65  64  68  65  
SCC-Ⅴ-0 0 68  69  67  68  

-4.4% 
SCC-Ⅴ-7 7 66  65  64  65  
SCC-Ⅳ-0 0 70  68  70  69  

-4.3% 
SCC-Ⅳ-7 7 67  66  64  66  

 

3.6 Cube-splitting performance of manufactured sand SCC after 

free fall 

From Table 7, it is evident that when SCC is prepared with man-

ufactured sand, its cube-splitting strength at a height of 7m decreases 

by approximately 7–11%, which is slightly higher than that of SCC 

prepared with natural sand.  
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Table 7. Cube-splitting strength of SCC with manufactured sand after 

high casting. 
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SCC-1-0 0 5.32 4.82 5.05 5.06  
-7% 

SCC-1-7 7 4.62 4.75 4.78 4.72  
SCC-2-0 0 4.65 4.53 4.62 4.60  

-11% 
SCC-2-7 7 4.02 4.08 4.16 4.09  
SCC-3-0 0 4.62 4.56 4.78 4.65  

-10% 
SCC-3-7 7 4.12 4.25 4.21 4.19  
SCC-4-0 0 4.75 4.62 4.71 4.69  

-9% 
SCC-4-7 7 4.32 4.25 4.28 4.28  
SCC-5-0 0 4.75 4.83 4.82 4.80  

-9% 
SCC-5-7 7 4.42 4.35 4.38 4.38  

In conjunction with the compressive strength, during the free-fall-

ing process, if the concrete does not undergo segregation, the free-

falling height also has a relatively minor impact on the splitting 

strength of the concrete. Nonetheless, the reduction range is slightly 

greater than the compressive strength 

The techniques employed for detecting and assessing SCC quality 

in CFST columns have consistently yielded reliable results. These 

results indicate the absence of voids, ensuring a seamless flow of 

concrete within the steel tube. This attests to the compactness and 

cohesion between SCC and CFST columns in terms of quality, 

strength, and durability – crucial measures for ensuring the structural 

integrity and resilience of high-rise buildings. The robust evaluation 

methods employed not only affirm the absence of voids but also un-

derscore the essential attributes necessary for the optimal perfor-

mance of these structures in the long term.  

4. Conclusions 

This study evaluates the mechanical properties by testing SCC at 

various free-fall heights. Subsequently, the concrete is applied to 

CFST columns, a scenario previously identified as challenging. The 

findings indicate that an increase in free fall height has detrimental 

effects on both normal concrete and SCC. The concrete's behaviour 

aligns closely with the obtained slump range, leading to a reduction 

in compressive and splitting strength. Specifically, SCC experiences 

a gradual decrease, with a notable drop of 15%-20% observed at a 

total height of 8 m. Interestingly, SCC prepared with manufactured 

sand remains suitable up to height of 7m. Notably, at a 6m free fall 

height, the study aligns with the results within the expected range, 

yielding void-free columns without segregation. The key conclu-

sions drawn are as follows: 

(1) The cube's compressive and splitting strength decreases with 

the increase in height of the conduit. However, compared with ordi-

nary concrete, the decrease in strength of SCC is generally smaller. 

With the rise in the free fall height of concrete, the compressive 

strength of the prismatic body also decreases, which is similar to the 

compressive strength of the cube. 

(2) The mechanical properties of SCC exhibit a nonlinear de-

crease as the free fall height increases. For total heights below 6.5m, 

there is an approximate 3% decrease in mechanical properties. How-

ever, as the total height increases further, the reduction range be-

comes more significant. Upon reaching a height of 8m, the reduction 

range for the mechanical properties indicates a substantial impact on 

the overall performance of the SCC. 

(3) When considering a total height of 7m, the decline in cube 

compressive strength for SCC using manufactured sand is approxi-

mately equivalent to that observed in SCC prepared with natural 

sand. The reduction in cube splitting strength ranges from 7% to 

11%, which is slightly higher than the corresponding decrease ob-

served in SCC made with natural sand (7%).  

(4) Through the verification test within 6m of free fall height, it is 

feasible that the maximum drop height of the core concrete of CFST 

should not be greater than twice the height.  

The current research aims to comprehend the performance of SCC 

under significant height drops and its potential application in CFST 

columns. Despite previous studies, there is a critical need for further 

research to comprehensively explore various aspects of SCC, espe-

cially when incorporating manufactured (derived/artificial) sand in 

CFST columns. This includes investigating shrinkage performance, 

analysing the bonding properties between manufactured sand con-

crete and steel tubes, assessing flexural and creep behaviour, and 

evaluating the long-term behaviour associated with these columns.  
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