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Abstract:  This paper presents, an analytical study carried out on High Strength Concrete 
(HSC) building frames using a nonlinear dynamic analysis computer program (IDARC-M).  
The program was originally developed for the analysis of normal R.C. frames and it was 
modified to predict the response of HSC frame structures. Unlike most of conventional 
investigations into HSC beam-column connections, this work considers such connections as 
integral part of the studied ten-story HSC frame. The inelastic behavior of an interior beam-
column connection in the first floor was studied. It was found that the use of HSC improves 
column capacity, enlarges rigidity of beam-column joints, reduces the effect of lateral 
reinforcement distribution in beams and columns, and decreases the fundamental natural 
period of the frame. The type of column support at foundation level has a great effect on the 
drift of the studied building frame. 
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INTRODUCTION: 
 
Recently, the advancement of material technology and production has led to higher grades of 
concrete strengths. The use of High Strength Concrete (HSC) elements for concrete structures 
has proven very popular, with strengths of concrete up to about 1500 kg/cm2 used around the 
world [1]. The main advantages of HSC include higher strength and higher stiffness, 
improved durability, cost efficiency, reduced creep and drying shrinkage, better impact 
resistance and better resistance to abrasion [2]. However, due to the variations in fracture 
modes, microstructure and the differences brought about by various additives, the empirical 
design rules originally intended for normal strength concrete (strengths less than 500 kg/cm2), 
need to be re-evaluated [3]. Earlier experimental investigations have shown that HSC 
columns may behave in a ductile manner when subjected to moderate axial compression and 
reversed cyclic bending [3-7]. For high axial compression, ductility is achieved with the use 
of a greater amount of confinement steel. In this case, high-yield-strength steel (HYSS) may 
be used to decrease the lateral steel content [2].  

Concrete structures are inherently heavy and hence have the potential to induce substantial 
inertial forces. HSC members, however, have the distinct advantage of reducing these inertial 
loads following the reduction in member sizes and reduction of the drift due to lateral loads, 
especially seismic ones. After more than thirty years of the first seismic loading test carried 
out by Hanson and Conner [8] on a beam-column joint of a reinforced concrete moment 
resisting frame, and after a great deal of experimental work, it is interesting to note that 
recommendations for the design of beam-column joints in different design standards still have 
many discrepancies. These discrepancies can be partly attributed to the difficulties in 
identifying the main parameters that affect the behavior of joints. Moreover, recent 
earthquakes have strengthened the need for proper reinforcement of beam-column joints to 
avoid structural collapse in large events and to avoid irreparable damage in moderate events. 
Reinforced concrete beam-column joints should not be studied in isolation, but must be 
considered as an integral part of the building frame structure [1 and 9]. It is preferable, 
however, that beam-column joints remain strong so that energy will be dissipated in the 
adjacent members rather than in such joints. 

This paper aims to study the seismic behavior of HSC beam-column connections in building 
frames. Seismic analysis was carried out for a ten-story HSC frame using the nonlinear 
dynamic analysis computer program “IDARC-M” [10]. Unlike most of conventional 
researches into HSC beam-column connections, this investigation considers such connections 
as integral part of the studied ten-story HSC frame. The maximum structure responses and the 
inelastic behavior of an interior beam-column connection in the first floor were investigated. 
The studied parameters were the concrete strength, distribution of lateral reinforcements, 
slight segregation of concrete in columns during construction, and the end conditions of the 
supporting columns.  
 
COMPUTER PROGRAM “IDARC-M”: 
 
The enhanced computer program IDARC3 [11] was originally developed for the nonlinear 
dynamic analysis of R.C building frames and shear walls.  The program idealizes the building 
as a set of frames parallel to the loading direction and inter-connected by transverse elements 
to permit flexural-torsional coupling.  The structure is modeled using end node degrees of 
freedom (DOF) to simplify the problem within acceptable accuracy.  All elements are 
assumed to move with the same lateral displacement within the same frame to reduce the total 
DOF of the structure.  The modified version of the program “IDARC-M” was developed by 
Shaaban and Torkey [10] in order to be capable for the analysis of HSC structures. The 



moment-curvature envelopes, material modeling and hysteric response modeling are detailed 
in Ref. [10].  The program was verified by predicting the response of different structural 
elements to a reasonable accuracy [10, 11].  In the current investigation, the program was 
used to study the seismic behavior of HSC beam-column connections in building frames.   
 
DETAILS OF THE STUDIED HSC BUILDING FRAME: 
 
The configuration and dimensions of the building under study are shown in Fig. (1). A gravity 
load of 1.0 t/m2 was used for all floors. A typical lateral spacing between frames of 4.5 m was 
chosen. The yield strength of longitudinal reinforcement bars was considered to be 3600 
kg/cm2 while the lateral reinforcement was normal mild steel with yield strength of 2400 
kg/cm2. A total of ten combination cases between the different studied parameters have been 
considered in the analysis as shown in Table (1).  Studied Cases (1 to 4) comprise different 
values of concrete cylinder strength. The lateral reinforcement for beams and columns in the 
general case was 5ffff8 mm/m. This reinforcement was increased to 10ffff8 mm/m in certain 
zones as shown in Fig. (1) to study the effect of the lateral reinforcement distribution in the 
study Cases (5 to 7) in Table (1). The slight segregation of concrete, which usually occurs 
during construction, was simulated in the studied Cases (8 and 9) by reducing f’c at zones 1 
and 2 (see Table 1 and Fig. 1). The frame supporting columns were assumed to be fixed at the 
base in all studied cases except for Case (10) where the columns were hinged. The El-Centro 
earthquake record (1940) with Peak Ground Acceleration of 0.30g (g is the gravity 
acceleration) was selected to represent a major earthquake input motion during the nonlinear 
dynamic analysis. 
 
ANALYTICAL RESULTS AND DISSCUSION: 

Effect of Concrete strength 
Table (2) summarizes the maximum responses of the structure for different values of concrete 
strength. The results show that the fundamental natural period of the structure decreases as the 
concrete strength increases. This may be due to the increase in the structure stiffness with no 
changes in the mass, since the element dimensions are not altered. In addition, the top floor’s 
maximum lateral displacement was reduced with the increase of the concrete strength. For 
example, Case (4, f’c = 1200 kg/cm2) achieved a reduction of displacement of 17% less than 
that of Case (1, f’c = 500 kg/cm2). In Cases (1 to 4), the maximum displacement are less than 
0.5% of the total building height (0.005 H) (see Table 2). Concerning the first floor response, 
little reduction in the story displacement was remarked but smaller ratios of the story height 
were recorded in all the four cases (much less than 0.005 h). De Stefano et al. [12] suggested 
that the onset of severe structural damage occurs approximately at an overall (roof) 
displacement of 0.01H. Hence, the damage level in the studied frame cases is expected to be 
moderate. This can be seen in the present analysis from the resulted overall structural damage 
index given in Table (2). In the definition, the index values between 0.0 and 0.4 indicate light 
damages, the values higher than 0.4 up to 1.0 indicate heavy damages while the index value 
more than 1.0 means total collapse [11].  In the analyzed four cases, the index value lies 
between 0.401 and 0.582 (see Table 2) which may be considered as moderate damages. 

Although the ultimate moment capacity of beams has not significantly increased by using 
higher strength concrete as shown in Table (2), the higher stiffness resulted in a smaller 
deflection and this, in turn, allow to design of longer spans. Despite HSC is considered as a 
brittle material, flexural member cast with HSC exhibit greater rotational ductility since it has 
a lower depth of the neutral axis [13]. The moment-curvature hystereses for the first floor 
beam are shown in Fig. (2) for different values of concrete strength (Cases 1 to 4). The 



responses are depicted at the left-hand side of the middle joint in the first floor (connection 1, 
Fig. 1). The higher stiffness in the elastic zone and the higher curvature in the post yield zone 
are observed for higher concrete strength (Fig. 2). The values of beam curvature ductility 
summarized in Table (2) show the increase in ductility with higher concrete strength. The 
value of curvature ductility was obtained as the ratio of curvature at 80% of the ultimate 
moment in the post peak region to the yield curvature [1, 14]. In seismic design, a beam 
mechanism is preferred to a column mechanism and the formation of beam hinges is assured 
by having a strong column-weak beam system. Therefore, higher rotational ductility of HSC 
is considered as an advantage in seismic resistant frame design. 

The story shear-displacement hystereses are shown in Fig. (3) for the first floor. It can be seen 
from the figure that there is no brittle shear failure occurred in all cases despite that the story 
shear increases with the increase of concrete strength. The moment-curvature hystereses for 
central column at the first floor level are depicted in Fig. (4).  The column stiffness increases 
as the concrete strength increases and for the four studied values of concrete strength, the 
column does not exceed the elastic limit. This behavior forces the plastic hinges to be formed 
in the beam, which is preferable. Priestley [15] suggested that a brittle shear failure may 
ensue, even if there has been some ductile response, if there is inadequate lateral 
reinforcement at the critical section due to the degradation in the concrete shear strength as 
the curvature ductility of the section increases. In such case, the axial compression can play a 
significant role in the closing of both flexural and shear cracks. Park [16] reported that HSC 
columns carrying high axial loads can have a marked reduction in cross section size and the 
amount of longitudinal steel reinforcement can be substantially reduced.  

In the present work, the column cross section and its reinforcement were not altered with the 
increase of the concrete strength. As a result, a reduction of the applied axial force to the 
strength ratio was achieved and, in turn, higher moment and ductility capacity of the column 
could be obtained. Hence, it can be considered that the strong column-weak beam theory is 
achieved in the analyzed frame. 
 

Effect of Lateral Reinforcement 

The studied HSC building frame was analyzed using three different arrangements for the 
lateral reinforcements for beams and columns in the connection zones as shown in Fig. (1) 
and given in Table (1). In Case (5), the column stirrups only were increased to 10f8 mm/m at 

zones 1 & 2. Similarly, the beam stirrups only were increased to 10f8 mm/m at zones 3 & 4 

in Case (6). Both beam and column stirrups were increased to 10f8 mm/m at zones 1, 2 ,3 
and 4 in Case (7). The concrete strength in all cases was set to be 1200 kg/cm2. The responses 
of the studied frame cases were identical in the three cases as given in Table (2). These 
responses were similar to the response of Case (4) using 5f8 mm/m stirrups in the beam and 
the column. Hence, there is no effect due to the increase of lateral reinforcement. 

Kovacic [17] carried out experimental and analytical studies on heavily loaded HSC 
compression members and he found that ductility demands can be satisfied by providing 
additional ties. Mendis and Kovacic [18] proposed a new formula to calculate the spacing of 
lateral reinforcement by modifying the present requirements in AS3600 [19]. Priestley [15] 
concluded that with lightly reinforced beams joint cracking may develop if the principal 
tension stress in the joint is more than 0.29f’c and the beam-column joints with high shear 
stress levels tend to fail in shear regardless of the amount of transverse reinforcement. The 
reason for failure is the principal compression stress, and it is thus more logical to limit this 
directly,  rather than through  the shear stress,  which does not recognize the influence of axial  



compression. Priestley [15] suggested a limit of 0.5f’ c for the principal compression stress.  
Then, HSC can significantly reduce the chance of joint cracking or the failure due to the 
principal compression stress. 

Design recommendation in different standards can be broadly classified in two main groups. 
One group such as Eurocode8 [20] and NZ3101 [21] base their recommendations on the 
behavioral parallel angle steel truss and diagonal concrete strut transfer mechanisms proposed 
by Park and Paulay [22]. The second group including ACI318-1995 [23] and AIJ-1994 [24] 
base their design recommendations on a confinement criterion and tacitly recognizes that 
transverse reinforcement does not enhance the joint shear strength. 
The results of the present analysis suggest that the use of HSC and the low level of the axial 
force to strength ratio increased the joint strength and reduced the compression stresses. This 
prevents the joint cracking and shear failure forcing the failure in this frame to occur due to 
beam flexural ductility. Therefore, no more enhancements could be obtained by the increased 
lateral reinforcement, which agrees with the second group of design standards [23 and 24]. 
 
Effect of Slight Segregation of Concrete 
Although the construction of HSC involves strict quality control programs to ensure perfect 
compacting and placing, the effect of slight segregation of concrete, which may occur during 
the construction of columns, was studied for interest. Two cases for analysis were performed 
with reduced concrete strength in the bottom and top 0.60 m of each column (zones 1 and 2 in 
Fig. 1). In Case (8), the reduced strength was assumed to be as low as 40% of the original 
strength, while in Case (9), it was assumed to be 60% as given in Table (1). The resulted 
fundamental period was increased in both cases as given in Table (2). This indicates a 
reduction of the structure stiffness that led to an increase in the maximum lateral displacement 
of top floor of approximately 8% in Case (8) and 5% in Case (9) compared with Case (4). The 
maximum moments transmitted to the columns were increased leading to some cracks in the 
upper floor columns, which carry lighter axial forces as reported in the computer output and 
not shown here. As the original strength was considered as 1200 kg/cm2, and due to the large 
capacity of the cross section, no yielding occurred in the column as shown in Fig. (5) and the 
plastic hinges were formed in the beams. Moreover, the overall damage index was increased 
to be 0.48 in Case (8) and 0.411 in Case (9) instead of 0.401 in Case (4) as given in Table (2). 
This slight effect of the segregation may be owed to the very high value of concrete strength, 
so that 40% of this value is 480 kg/cm2, which is very close to the upper limit of normal 
strength concrete. Therefore, it can be stated that the use of HSC reduces the risks of 
unfavorable effects of segregation. 
  
Effect of Supporting Conditions 
To check the effect of supporting conditions, the HSC frame was analyzed assuming that all 
columns are hinged at their bases with concrete strength of 1200 kg/cm2 (Case 10, Table 1). 
The results are reported in Table (2) showing a significant increase in the fundamental period 
to be 0.967 (sec) which is very close to that resulted in Case (2) with concrete strength of 700 
kg/cm2. In addition, the first story displacement was drastically increased from 9.47mm in 
Case (4) with fixed base to be 34.73 mm which represents 1.16% of the story height 
(0.0116h). Although the top floor displacement was also increased to be 127.90 mm, it is still 
less than 0.5% of the total height (0.005 H). The overall damage index became 0.645, which 
indicates heavy damage level. The maximum moments transmitted to the column top at first 
floor level was drastically increased, because of the zero moment at the hinged base (see 
Table 2), but the column did not exceed the elastic limit as shown in Fig. (6-a). The beam 
moment-curvature hystereses are given in Fig. (6-b) where the very large curvature was 
observed while the curvature ductility was slightly increased (see Table 2). The shear-



displacement hystereses for the first story are depicted in Fig. (7). It is interesting to note that 
a softer story response was observed compared with that of Case (4, 1200 kg/cm2) shown in 
Fig. (3-c). 
  
CONCLUSIONS: 
 
This paper described the nonlinear dynamic analysis of a ten-story high strength concrete 
frame performed using the modified computer program IDARC-M [10]. The following 
conclusions can be drawn: 

1. The computer program is capable of predicting the seismic response of HSC building 
frames including the inelastic behavior of beam-column connections in such frames. 

2. As the concrete strength increases, the stiffness of the structure increases and its 
fundamental period decrease. As a result, the maximum lateral displacement of the frame 
structure is reasonably decreased. 

3. Flexural members cast with HSC exhibit greater rotational ductility resulting in higher 
curvature ductility for beams. In addition, HSC improves column capacity and enlarge 
rigidity of beam-column joints. As a result, no more enhancements could be achieved by 
increasing the lateral reinforcement in the present study case. 

4. Segregation of concrete reduces the column stiffness and increases the lateral 
displacement but the use of HSC reduces its harmful effects.  

5. The hinged base of the supporting column drastically increases the first floor drift and 
increases the damage level. 
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Table (1): Description of the Studied Parameters and Case Studies 
 

 Studied Parameters 

Case 
Number 

Cylinder strength, 
f’ c, kg/cm2 

Slight segregation 
f* c, kg/cm2 

Lateral reinforcement End 
condition

s 1 500 -------- 5 ffff 8/m Fixed 

2 700 -------- 5 ffff 8/m Fixed 

3 1000 -------- 5 ffff 8/m Fixed 

4 1200 -------- 5 ffff 8/m Fixed 

5 1200 -------- 10 ffff 8/m (zones 1 & 2) Fixed 

6 1200 -------- 10 ffff 8/m (zones 3 & 4) Fixed 

7 1200 -------- 10 ffff 8/m (zones 1,2,3 &4) Fixed 

8 1200 0.4 x 1200 = 480 5 ffff 8/m Fixed 

9 1200 0.6 x 1200 = 720 5 ffff 8/m Fixed 

10 1200 -------- 5 ffff 8/m Hinged 

f* c is the reduced value of f’c applied at zones 1 and 2 (see Figure 1) 

Table (2): Maximum Responses for Different Case Studies 
 

Case 
Number 

To 

(sec) 
∆t 

(mm) 

∆f 

(mm) 

Damage 
index 

Mb 

(t.m) 
µb Mc 

(t.m) 

1 1.051 122.40 10.33 0.582 19.74 2.90 12.58 

2 0.971 114.68 11.44 0.437 19.65 7.90 14.57 

3 0.880 112.57 10.41 0.420 20.09 8.47 16.20 

4 0.836 102.68 9.47 0.401 20.59 10.78 16.59 

5 0.836 102.68 9.47 0.401 20.59 10.78 16.59 

6 0.836 102.68 9.47 0.401 20.59 10.78 16.59 

7 0.836 102.68 9.47 0.401 20.59 10.78 16.59 

8 0.896 110.58 9.77 0.481 20.59 10.78 18.57 

9 0.867 107.02 9.28 0.411 20.21 10.50 18.34 

10 0.967 127.95 34.72 0.645 20.81 11.68 36.83 

Note: 
To  = Fundamental period (sec) 
∆t   = Top floor Max. displacement (mm) 
∆f   = First floor Max. displacement (mm) 
Mb = Ultimate moment in beam (t.m) 

µb  = Curvature ductility for beam  
      = 80% of curvature at ultimate moment/ curvature at yield 



Mc = Maximum moment in column (t.m) 
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Fig. (1): Dimensions and Configurations of the Analyzed Ten-story Building Frame 


