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ABSTRACT 

Significant researches have been devoted to develop different techniques to enhance the seismic resistance of the column joints 
(e.g. Traditional R.C. jackets, rectangular steel jackets, etc…).This research study was conducted to investigate the possibility 
of using new materials technology (e.g. Slurry Infiltrated Fiber Reinforced Concrete SIFCON), for seismic retrofitting of non-
ductile R. Concrete frame column joints, under simulated seismic loads. To accomplish this study, eight -large scale- column 
joints have been tested to examine the effectiveness of using various types of jacketing to improve the ductility and strength of 
this non-ductile column joints. Column joint response was examined before and after being strengthened by jacketing. The 
behavior of non-ductile reinforced concrete column joints was monitored under large cyclic inelastic loadings before and after 
retrofitting. This research indicate that the use of SIFCON jackets for retrofitting column joints improve its capacity, energy 
dissipation capacity and its ductility for resisting seismic loads.  
KEYWORDS: SIFCON, Cyclic loading, Seismic, Ductility, Column joints   

1. INTRODUCTION 
Many existing buildings designed and constructed according to old seismic standards seems being inadequate to 
withstand major earthquakes. A major part is identified, as possessing major hazards of being non-ductile reinforced 
concrete frame joints. Also many reinforced concrete buildings and structures need repair or strengthening to increase 
their load carrying capacities or to enhance its ductility under seismic loading. Other factors, such as inadequate 
transverse confinement or flaws in structural design may also contribute to structural deficiencies. Additionally, a 
structure may need to be upgraded to limit deflections or to control cracking due to changes in service conditions. 
Moreover, a column may need to be strengthened to support one or more added floors. Strengthening may be required 
due to changes in use or chosen to extend useful life while minimizing capital outlay. In these situations, strengthening 
can be advantageous compared to demolishing the structure or member and constructing a new one, or restricting use, 
limiting imposed loads, and continuously monitoring the structure. Strengthening of reinforced concrete structures will 
typically include column strengthening since the failure of a column has serious consequences for structural stability 
(ACI 318, 2002). Alternatives for column strengthening may include: Section enlargement, Steel wrapping, FRP 
wrapping, and Wrapping with High Performance Fiber Reinforced Cement Composites (HPFRCC). 
Slurry Infiltrated Fiber Concrete (SIFCON) is considered as one type of HPFRCC which can be used to improve both 
load carrying capacity and ductility of column joints and it differs from conventional steel fiber reinforced concrete as 
starts with a bed of well-compacted preplaced steel fibers in the range of 5 to15% by volume. The fiber bed is then 
infiltrated by low viscosity cementitious slurry. 
The philosophy of this research, is to study the week column-strong beam joint behavior before and after retrofitting 
with SIFCON as a sample of the major critical and hazardous existing joints in the old building in order to improve the 
seismic capacity and ductility of the joint, therefore the specimens dimensions and the test setup were chosen to 
accomplish with the research philosophy.  

2. EXPERIMENTAL PROGRAM 
The experimental program consists of eight RC column-beam joints. All columns of the specimens were tested 
horizontally under constant axial loads combined with cyclic lateral loads for six specimens and with static lateral loads 
for the two remaining specimens. These specimens were divided into four groups: The first group (control group) 
consists of two rectangular RC column-beam joints with a 150*250 mm column cross section and 1000mm long and 2 
cross rectangular beams with 150mm width and 500mm depth were cast by using normal strength concrete (NSC) with 
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fcu=35 MPa and were reinforced with longitudinal reinforcement bars of diameter 12 mm for columns and 16 mm for 
beams with 8mm stirrups spacing 50mm as indicated in figure (1). For the first group –consists of 2 specimens-, one 
was subjected to static load while the other was subjected to cyclic loading.  
On the other hand, the second group –consists of one similar specimen subjected to cyclic loading- but with a complete 
70 mm SIFCON jacket up to only half of its column height -e.g. 500 mm length-. Used SIFCON has 10% fibers and 
fcu=100 MPa. 
The third group consists of four retrofitted specimens. SIFCON jacket was complete all around its cross section for 
three specimens while the fourth only was made in two directions. The first specimen was subjected to static load (10% 
fiber percentage), two specimens were subjected to cyclic loading (8% & 10% fiber percentage), while the fourth -2 
sided jacket- was subjected to cyclic loading (10% fiber percentage) as demonstrated in figure (2). 
The fourth group, consists of one RC column-beam retrofitted with complete ordinary R. C. jacket (HSC with fcu=80 
MPa, 70 mm thick., and up to all its column height), and subjected to cyclic loading. 

 

2.1 PREPARATION OF TEST SPECIMENS 
Wooden forms were designed and prepared to allow for simple and correct placing of concrete samples as shown in 
figure (3). Reinforcing steel bars were tied with stirrups forming reinforcement cages corresponding to that required for 
connections as shown in figure (4). Electrical strain gauges of 10 mms and 120 ohm resistance were glued on the steel 
bars, at lower end of the column longitudinal steel above the beam surface in order to monitor steel strains during 
loading. Dry materials and water were mechanically mixed in a drum mixer for two minutes and cast in the forms just 
after mixing. Cast concrete was then vibrated with an electrical needle vibrator, then, the final concrete surface was 
finished. 
Roughening process was performed at outer concrete surfaces for all retrofitted specimens, using electrical machine as 
shown in figure (5). Steel shear dowels were introduced to improve the bond between old and new concrete as shown in 
figure (6). Moreover, to insure the full contact between the two surfaces, Sikadure 31 material was applied before 
casting SIFCON jackets as shown in fig. (7). Also, Sikadure 32 material was used to plant the shear dowels before 
casting concrete and SIFCON jackets 24 hours early to insure it reached its full strength.  

 
 
 
 

Fig. (1) : Specimen details ( controlled) Fig. (2) : Retrofitted specimen 
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Fig. (3) : Specimen Wooden forms Fig. (4): Reinforcement cages 

  

Fig. (5): Specimen Surface Roughening Fig. (6): Drilling for shear dowels 
 

Wooden forms for jackets were designed and prepared to allow for simple and correct placing of steel fibers as shown 
in figure (7). Steel fibers were spread on layers and each layer was compacted by a steel rod to ensure reaching the max 
density distribution required in the form before casting the slurry. Forms were coated with a thin layer of oil to facilitate 
their removal after hardening of concrete 

 

  
Fig. (7): Jacket Wooden form and spec. painting 
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2.2 TEST SETUP & LOAD SEQUENCE DIAGRAM 
A large scale laboratory steel frame was used to perform the test for the specimen as shown in figure (8). Both beam 
ends were prevented from horizontal movement due to the acting horizontal force at the end tip of column. Also, the 
beam was tightly fixed to prevent any rotation, using top steel plates firmly tied with the main frame. 

 

 
Fig. (8): Typical specimen during testing 

Tested specimens were instrumented to measure their mechanical behavior after each load increment. The horizontal 
displacement was measured using two linear variable displacement transducers (LVDTs) with 100 mms capacity 50 
mm per each direction and with 0.01 mms accuracy. Measurements from these instruments were acquired by a data 
acquisition program. Also cracking and ultimate loads were observed and recorded. The main reinforcement strain was 
measured also.   
Test setup is shown in figure (8). Two hydraulic jacks were used, one for applying a column constant axial compressive 
stress, while the other to apply both the static and cyclic horizontal load at the free end of the column. A proving ring 
was used to precisely record loads. Test load was applied cyclically in the two directions, and deflections were measured 
every 4 KN by. The deflection was measured -using LVDTs- at the column free end tip and at its middle height. 
Loading was gradually increased, e.g. 4, 8, 12, … KN until failure  in bot directions. A constant axial load was applied 
at column top using an upper jack connecting to rounded steel pad rested on rounded plate to insure uniform axial 
stresses during the horizontal displacement of column due to the application of horizontal cyclic loads. 
Lateral displacements were measured with a pair of displacement transducers. All tests were conducted under force 
control. For each test, a sequence of reversed cyclic flexural loads was applied combined with a constant axial load. 
Applied axial load was 0.12*Pu (ultimate normal capacity) for all tested specimens. This axial load ratio range is quite 
realistic especially for lower stories of structures with moment-resisting frames constructed with low strength concrete.  
After applying the load pattern as shown in figure (9), the lateral displacements were imposed until failure. 

 

 
Fig. (9): Load Pattern applied on specimen 
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2.3 EXPERIMENTAL TEST RESULTS 
Table (1) introduces test results for all tested specimens. For all specimens which have been retrofitted by SIFCON 
jackets, it was observed that, they have the same failure behavior without concrete spalls or crushing. The cracking and 
ultimate loads varied with different variables of retrofitting. Ultimate loads of specimens 2& 3 are not equal although 
they have the same type of retrofitting due to the deficiencies of steel fiber distribution at failure zone and also due to 
the lower fiber percentage (8% of the jacket volume), and this is one of the SIFCON disadvantages, which need a high 
quality control and quality training labor staff . Figures 10& 11 show the crack pattern for both the control and the 
SIFCON retrofitted specimens. 
For specimen 1 (controlled cyclic specimen) as shown in figure (10), the specimen experienced the formation of fine 
cracks in the two sides of the column parallel to the beam and with a little inclination to the horizontal on the two other 
faces of the column parallel to the cyclic load and spread along 0.5 m of the column height, the width and length of 
cracks in two sides was starting in increasing and propagation until the failure was happened at 41 kN in the same time 
a crushing  failure was happened in the right hand side which is opposite the load actuator. 
For specimen 2 (retrofitting with SIFCON jacket all around the column subjected to cyclic load) as shown in figure 
(11), the specimen experienced the formation of fine cracks in the column. Some of these cracks were horizontal and 
others spread diagonally. Crack widths and lengths started and increased gradually then propagated at the right hand 
side, while in the same time, one crack was propagated at the left hand side -the same side of the load actuator-. The 
width and length of the this crack was increased gradually until the failure happened at 129 kN without any concrete 
spall and crushing is the opposite direction. 

Table (1): Experimental Results for Tested Specimens 
Group 

No. 
Spec. 
No. 

Type of      
Retrofitting 

Type of  
Load applied 

Cracking 
Load(KN) 

Failure 
Load (KN) 

(G1) 6 controlled static 22 33 
1 controlled cyclic 26 41 

(G2) 5 SIFCON jacket for 
0.5m of col. cyclic 44 61 

(G3) 

8 SIFCON jacket static 72 104 

7 SIFCON jacket in 
two sides cyclic 64 80 

2 SIFCON jacket cyclic 78 129 

3 
SIFCON jacket with 
lower percentage of 

fiber 
cyclic 64 101 

(G4) 4 RFT. jacket cyclic 68 126 
 

  
Fig. (10): Crack pattern for specimen 1 Fig. (11): Crack pattern for specimen 2 
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2.4 LOAD-DISPLACEMENT FOR STATIC SPECIMEN 
Measured loads were plotted against the associated applied column tip displacement at different load levels. Figures 
(12) & (13) presents the experimental load-displacement curve for all (controlled, specimen strengthen with SIFCON). 
It was observed that the load-displacement curve shape of the specimen no.6 (static controlled spec.) was remaining 
curve till the failure but for the specimen no.8 the slop and the behavior of the curve was changed at load 9 ton 
approximately to be straight  line with a small slop to the horizontal which mean that it gains more ductility. 

 

  
Fig. (12): Load-Displacement of specimen 6 Fig. (13): Load-Displacement of specimen 8 

2.5 LOAD-DISPLACEMENT HYSTERESIS LOOPS FOR SPECIMEN UNDER CYCLIC LOADS 
The load- displacement hysteresis loops of all tested specimens displayed with different features according to the type 
and shape of retrofitting. Figures (14) to (19) revealed that all the specimens were able to retain wide stable hysteresis 
loops with large areas enclosed within the loops.  However, the area enclosed within the load-displacement hysteresis 
for RFT. Concrete jacket( specimen No. 4) was larger than the SIFCON one ( specimen No.2) in the elastic zone before 
the cracks start in propagation but after cracks ware started to appear  the SIFCON jackets area enclosed were largest 
than the RFT. Jacket which mean more ductile behavior were gained. 
For the initial small amplitude cycle, the response was almost elastic and only small residual displacement was 
observed. Upon reversal of displacement, cracks that were opened during the previous half cycle closed. After cracks 
closed, concrete resumed its previous role in resisting compressive stress. Reversal of displacement again results in that 
strains in steel and concrete reduce with unloading and higher residual displacement was observed. 
 

  

Fig. (14): Load-Displacement hysteresis loop of 
specimen 1 

Fig. (15): Load-Displacement hysteresis loop of 
specimen 5 
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Fig. (16): Load-Displacement hysteresis loop of 

specimen 7 
Fig. (17): Load-Displacement hysteresis loop of 

specimen 2 

  
Fig. (18): Load-Displacement hysteresis loop of 

specimen 3 
Fig. (19): Load-Displacement hysteresis loop of 

specimen 4 

3. ANALYSIS OF TEST RESULTS 
The important criteria of column joints that indicates its adequacy to resist the seismic loads is the preservation of 
stiffness and ability to dissipate energy through stable hysteretic behavior in addition to gaining more ductility. The 
seismic response is complicated to compare with static response. The differences among the performance of joint may 
not only be assessed by direct comparisons of their load-displacement envelopes. Accordingly, an analysis of test results 
to clarify the arisen variations in stiffness degradation and dissipated energy and ductility of the tested column-beam 
joints. 
3.1 STIFFNESS DEGRADATION  

The decay of the structural resistance to the seismic load can be evaluated based on the loss of stiffness through loading 
cycles. Stiffness loss increases at a varying rate with increase the peak displacement as indicated by the reductions in 
the slopes of the load-displacement hysteresis loops. The stiffness of the specimen at a certain displacement level was 
considered as the average of the stiffness in the positive and negative loading directions. The stiffness calculated at 
each cycle for each specimen. The degradation is attributed to the propagation and widening of flexural cracks, the 
softening of the initial elastic modulus of concrete, the deterioration in the concrete strength and bond, and the 
localized slippage of column longitudinal reinforcement. The degradation of the stiffness at ultimate load level was 
evaluated using the stiffness degradation rate KDR. 

KDR= (Ko – Ku) / Ko ………………………….. (1) 

Where Ko and Ku are the flexural stiffness of the specimen at initial and at ultimate load level respectively. Table (2) 
presents the values of the stiffness degradation rates and KDR for all specimens under cyclic loads. And figure (20) 
shows the comparison between the Stiffness Degradation of all cyclic specimens. 
It can be seen from figure (20) that the initial stiffness of the specimen 2&5 are higher than specimen 4 which have 
been retrofitted by HSC and all specimens have lost its stiffness with increasing the lateral sway. Also, we can notice 
that the specimens no.2 remained higher than specimen no.4. 
The initial stiffness of the SIFCON specimen no.2 was nearly about 53% & 200% greater than HSC jacket and 
controlled specimens respectively.  
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Table (2): stiffness degradation rates and KDR for all specimens 

Group 
No. 

Spec. 
No. 

Type of      
Retrofitting 

Type of  
Load  

applied 

Ko  
(KN/mm) 

Ku  
(KN/mm) KDR% 

(G1) 6 controlled static -- -- -- 
1 controlled cyclic 10.6 2.7 74 

(G2) 5 SIFCON jacket 
for 0.5m of col. cyclic 39.2 28.5 27 

(G3) 

8 SIFCON jacket static -- -- -- 

7 SIFCON jacket 
in two sides cyclic 10.9 5.45 50 

2 SIFCON jacket cyclic 31.78 12.5 60 
3 SIFCON jacket cyclic 17.95 4.6 74 

(G4) 4 HSC jacket cyclic 20.8 11.17 46 
 

The degradation of the stiffness at ultimate load level (KDR) was high in the SIFCON jacket specimens and near to the 
controlled one, which means there is no imperceptible change in KDR so the same behavior in stiffness degradation.       
In the higher levels of cycle’s loads, which represent the plastic zones, the degradation was small which means that it 
can keep its stiffness along with increasing the lateral loads. Generally, the specimens which have been retrofitted with 
SIFCON and HSC all over the column can keep its stiffness during advanced load cycles. On the contrary, the 
controlled specimen lose its stiffness rapidly with increasing the lateral cyclic loads  

 
Fig. (20): Comparison between Stiffness Degradation for all specimens 

4. ENERGY DISSIPATION  
Under severe earthquake, column beam joints will suffer from large inelastic deformations. The ability of dissipating 
the inelastic deformation energy is one of the significant factors for evaluating the performance of column-beam joints 
subjected to seismic action. The energy dissipated by the specimen during an individual cycle,   Ei= ∫Pi dΔi was defined 
as the area enclosed within the load-displacement hysteresis loop. The total energy dissipated was then estimated as the 
sum of the cumulative dissipated energy during each cycle of the tests specimens. As the displacement level increase, 
the energy dissipated per cycle increase. 
The figure (21) shows the comparison between the energy dissipation of all cyclic specimens, A notable increase in 
SIFCON specimen energy dissipation was observed in the final stages of loading. 
The energy dissipation is almost equal for SIFCON and HSC refitted specimens for the lower displacements values (the 
first third part of the displacement curve), however, it was observed significantly that the increase of the energy 
dissipation for the SIFCON specimens is higher than the HSC specimen in the higher displacements values. The 
SIFCON system provided an increase of approximately 215% in strength and 180% in energy dissipation capacity more 
than the controlled specimen did.  
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The maximum increase in SIFCON specimen energy dissipation was observed as 3 times as corresponding value of 
HSC Jacket specimen at the max. HSC Specimen displacement . 
Specimens no.2, 3 and 7 dissipated 2.7, 2.6 and1.7 times the energy dissipated by the controlled specimen, respectively 
contrariwise in HSC jacket the cumulative energy dissipation was observed less than the controlled one which means 
that the SIFCON jacket is more efficient than the HSC jacket under seismic loads    
It was observed clearly that HSC jacket loses its capability in dissipating the energy at the high load levels while 
SIFCON increases the capability of the joint in dissipating the energy. 

 

 
Fig. (21): Comparison between Energy dissipated in all specimens 

4.1 ENVELOPE OF HYSTERETIC LOOPS 

In order to study load carrying capacity and ductility of original and retrofitted joint specimens, envelopes of load-
displacement hysteretic curves for these specimens are plotted and shown in Figure (22). It can be seen that there were 
an improve in lateral sway after using the system of retrofitting. 
 

Table (3): Lateral Loads-displacement test Results 

Group 
No. 

Specimen 
No. 

Type of  
Load  

applied 

Ultimate load level Pu/(Pu of S1) 
for cyclic 

Failure 
cycle Pu kN Δu mm 

(G1) 6 static 33 9.55 -- -- 
1 cyclic 41 8.2 1 8 

(G2) 5 cyclic 61 3.4 1.49 12 

(G3) 

8 static 104 16.25 -- -- 
7 cyclic 80 14.4 1.95 16 
2 cyclic 129 14.3 3.15 26 
3 cyclic 96 18 2.34 20 

(G4) 4 cyclic 126 12.4 3.07 25 
 

The strength envelope, which is the relation between the peak loads at each cycle and the corresponding displacement, 
for the tested specimens were presented in figure (22). The lateral strength increased considerably for all retrofitted 
specimens. The highest strength was that of specimen no.2 which have been retrofitted by SIFCON with 215% higher 
than the controlled specimen. Specimen no.5 with SIFCON jacket to half the height of the column, produced the lowest 
increase which was 49% higher than the controlled one. The increase in the flexure strength is attributed to the section 
enlargement, the confinement provided by SIFCON and the higher material properties that gave more lateral capacity 
for the joint. It should also be noted that the longitudinal reinforcement bars reached the strain hardening; consequently 
the stress in the steel bars exceeded the yield stress leading to an increase in the overall strength of the retrofitted joints. 
Specimen no.2 also survived more cycles than all other specimens as shown in table (3). The specimen no.4 that has 
been retrofitted by HSC jacket had ultimate load capacity close to specimen no.2. 
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Fig. (22): Comparison between envelopes of hysteretic loops in all specimens 

5. DUCTILITY 
Ductility is an important parameter for earthquake resistant construction. The ductility is computed as the ratio of 
ultimate displacement to the displacement at first yield of internal steel or to the first crack in the retrofitted specimens 
as there are no external additional steel in the SIFCON jacket. Displacements at first yield of steel or at first crack, 
ultimate displacements, and ductility for the specimens are obtained and listed in Table (4).  

 
Table (4): Representation of displacement at first yield, max displacement and ductility 

Group 
No. 

Spec. 
No. 

Type of      
Retrofitting 

Type of  
Load  

applied 

Disp. at first 
yield of steel 

(mm) 

Max. Disp. 
(mm) Ductility 

(Δmax/Δy) 

(G1) 6 controlled static 7.1 11.05 1.55 
1 controlled cyclic 5.7 8.2 1.43 

(G2) 5 SIFCON jacket for 
0.5m of col. cyclic N/A N/A N/A 

(G3) 

8 SIFCON jacket static 5.45 16.25 2.98 

7 SIFCON jacket in 
two sides cyclic 3.76 9.21 2.45 

2 SIFCON jacket cyclic 5.5 14.3 2.60 
3 SIFCON jacket cyclic 8.08 20 2.47 

(G4) 4 RFT. jacket cyclic 5.8 12.4 2.14 
The ductility of SIFCON jacket was increased by 80% & 21% more than the controlled and HSC jacket specimens 
respectively which means more ductility was gained by using this new system of retrofitting. 

6. NUMERICAL ANALYSIS 
A full 3D finite element analysis has been carried out using ANSYS general purpose finite element software. The 
analysis presented in this paper assumes that the column beam joints are subjected to cyclic loading. In addition the 
previous experimental results which were presented for column beam joints for comparison. The concrete has been 
modeled using eight-node solid element (SOLID 65) specially designed for concrete, capable of handling plasticity, 
creep, cracking in tension and crushing in compression. The characteristics of the adopted element being nonlinear, 
requires an iterative solution. In this analysis, the compressive strength of concrete (fcu) was taken as 35 MPa and 
tensile strength of concrete (ft) was considered as 3.8 MPa. The elastic modulus (Es) is 21875 MPa. The reinforcing 
steel has been modeled using a series of two nodes link element (LINK 8). The material properties associated with link 
elements include an initial yield stress 430 MPa. The SIFCON laminates has been modeled using eight-node multi 
layered sold element (SOLID 46&185) with modulus of elasticity equal to 9600 MPa and Uniaxial compressive 
strength equal to 100 MPa. Steel plates were added at support locations in the finite element models (as in the actual 
specimens) to provide a more even stress distribution over the support areas and location of applied load. An elastic 
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modulus equal to 200,000 MPa and Poisson’s ratio of 0.3 were used for the plates. The steel plates were assumed to be 
linear elastic materials. 
6.1 MODELING OF COLUMN-BEAM JOINT  

The full-size specimen were supported in five parts, as shown in Figure (23). The finite element models were loaded at 
the same locations as the full-size specimens. In the experiment, the support dimensions for lateral and upper plate 
were approximately 400 mm x 150 mm and 150 mm x 150 mm, respectively. A one-inch thick steel plate, modeled 
using Solid45 elements, was added at the support location in order to avoid stress concentration problems. This 
provided a more even stress distribution over the support area. Moreover, a multi lines support was placed under the 
steel plate to simulate the laboratory frame steel beam, also a lateral supports were added to the two side plate in 
addition to 3 directions were restrained for the two upper beam plates. 

 

 
Fig. (23): Boundary Condition for Support 

 
Quadrilateral type mesh was used in this study. The prism that represents the concrete specimen volume was meshed 
into small elements 25 mm x 25 mm x 25 mm. The size was selected to match with the concrete cover used and also 
the SIFCON & HSC of width 75mm, same dimension was used to mesh the steel reinforcement either the longitudinal 
or the transverse reinforcement, same element size (25 mm) was used e.g. as shown in figures (24 to 27) 

 

  
Fig. (24):Concrete Elements for controlled Specimen Fig. (25): Rft. Elements for controlled Specimen 

 

The specimens were analyzed from zero up to the failure load in equal increments. The cracking, failure loads values 
and load deflection curve was mentioned and plotted and compared with the load deflection curve obtained from the 
experimental result. 
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Fig. (26): Concrete & Jacket Elements for Retrofitted 

Specimen. 
Fig. (27): Rft. Elements for Retrofitted Specimen. 

7. THEORETICAL RESULTS 
The elastic limit was considered to be load which the first crack appeared in the specimen ( cracking load ). This load 
limit was calculated with accuracy 5 for all specimens which was limited by the number of load increments used zero 
up to failure load, table (5) shows the cracking and failure load values for the analyzed specimens 

 
Table (5): Representation Cracking and failure loads obtained from the finite element analysis 

Specimen Cracking load (kN) Failure load (kN) 
   (S1) 21 34 
   (S2) 68 102 
   (S4) 61 95 
   (S6) 20 36 
   (S8) 94 112 

 

7.1 CRACK PATTERN & LONGITUDINAL CONCRETE STRESSES 

The crack pattern and the longitudinal concrete stresses in the elements were obtained directly from the output file of 
each of the analyzed models. 
The applicable graphs show the longitudinal concrete stresses and the crack pattern at failure load across the whole 
length of all the tested specimens are shown in figures (28) to (31). 

 

  
Fig. (28): Crack pattern for S6 (controlled) Fig. (29): Contour lines for stresses in Y direction for S6 
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It was found that the first crack started to propagate at 20 kN at step no.9 and failure load was 36kN at step no.18. 
Also, it was found that the first crack started to propagate at 94 kN at step no.22 and failure load was 112kN at step 
no.28  

 

  
Fig. (30): Crack pattern for S8 (Static SIFCON) Fig. (31): Contour lines for stresses in Y direction for S8 

 

7.2 LOAD-DISPLACEMENT CURVES FOR STATIC AND CYCLIC LOADING 

Figure (32) shows the load deflection behavior of the controlled specimen as obtained from the finite element analysis, 
it was noticed from the curve that the maximum displacement was 14.61mm at failure load 36kN 

 

 
Fig. (32): Load-displacement for S6 

  
Fig. (33): Load-displacement for S8 (static analysis) Fig. (34): Load-displacement for S8 (Transient  

analysis) 
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Figure (33) & (34) shows the load deflection behavior of the SIFCON specimen as obtained from the finite element 
analysis, one by using the static analysis and the other by using transient analysis. 
 It was noticed that the curve was remaining straight line in the static analysis up to 100 kN with a small displacement 
and then suddenly bend over to the right with a small slope to the horizontal until reaching the maximum displacement 
18.9mm at failure load 112kN 
However, for the transient analysis the matter was different, the curve was curve from the beginning until reaching the 
maximum displacement 14.6mm at failure load 136kN. 
Figure (35) shows the load-displacement hysteresis loop behavior of the controlled specimen under cyclic loads as 
obtained from the finite element analysis, by using the transient analysis. The maximum load observed is 31.4kN in 
push and 28.5kN in pull respectively using ANSYS at 7.72mm displacement. 
 

  
Fig. (35): Load-displacement hysteresis loop for S1 Fig. (36): Load-displacement hysteresis loop for S2 

 
Figure (36) shows the load-displacement hysteresis loop behavior of the SIFCON jacket specimen under cyclic loads as 
obtained from the finite element analysis, by using the transient analysis. 
The maximum load observed is 99kN in push and 92.5kN in pull respectively using ANSYS at 17 mm displacement. 

8. COMPARISON BETWEEN THEORITICAL AND EXPERIMENTAL RESULTS 

The comparisons cover the items concerning both the experimental and the theoretical behavior of some of the tested 
specimens, including: 
 Load-displacement curves. 
 Crack pattern. 
 Cracking and failure loads. 
 

8.1 LOAD DISPLACEMENT CURVES 

Displacements are measured at top point at the center of the column face .Figures (37) to (40) show the load-
displacement curves for the control and strengthened specimens for experimental and analytical results. In general, the 
load displacement curves for the specimens from the finite element analyses agree quite well with the experimental data 
for the controlled specimen, but for the SIFCON specimen there are some different in the values and shape of the curve 
due to the lake of the information about the SIFCON material in addition to the non-homogeneous properties of this 
material which is difficult to simulate in ANSYS and need to improve some feature and options in the finite element 
program to accommodate the dealing with new material with all its non-homogeneous properties.          
Figure (37) show the load deflection a comparison theoretical and experimental behavior of the controlled specimen, it 
was noticed from the two curve that it is agree quite well to each other. 
Figure (38) shows a comparison for the load displacement theoretical and experimental behavior of the SIFCON jacket 
specimen under static load, it was noticed that the two curves are not congruent, and that is may be due to the 
manufactured of this material depend on mainly on the skill of the labor in the first place. That is mean no fixed 
properties will produce in the laboratory even we used the same mixed design due to the difficult of distributing the 
steel fiber with the same percentage in all zone of the jacket form. But for the finite element program the situation is 
different because the program will use one property for the whole jacket as per our input in ANSYS. 
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Fig. (37): Comparison between Theor. & Exp. 

results for S6 
Fig. (38): Comparison between Theor. & Exp. 

results for S8 
 

Figure (39) shows a comparison for the load displacement hysteresis loop theoretical and experimental behavior of the 
controlled specimen under cyclic load 
The maximum load observed is 31.4kN in push and 28.5kN in pull respectively using ANSYS and 41kN in push and 
36kN in pull respectively in the case of experiment and the specimen failed at 8&12mm displacement in theoretical and 
experimental respectively. 
Figure (40) shows a comparison for the load displacement hysteresis loop theoretical and experimental behavior of the 
SIFCON jacket specimen under cyclic load 
It was noticed that the two curves are Semi-similar to each other in one side of the specimen and has a different in the 
other, this may be due to the variance of the percentage and distribution of the steel fiber as a main component in 
SIFCON material because it need a high skills from labors during preparing, putting in form and casting the slurry 
concrete as we mentioned before.  

  
Fig. (39): Comparison between Theor. & Exp. results for 

S1 
Fig. (40): Comparison between Theor. & Exp. results for 

S2 
8.2 CRACK PATTERN 

The ANSYS program records a crack pattern at each applied load step. Figures (41) and (42) shows evolutions of crack 
patterns developing for both of controlled and SIFCON specimens at the last loading step. ANSYS program displays 
circles at locations of cracking or crushing in concrete elements. Cracking is shown with a circle outline in the plane of 
the crack, and crushing is shown with an octahedron outline. The first crack at an integration point is shown with a red 
circle outline, the second crack with a green outline, and the third crack with a blue outline.  
And these figures show comparison of cracks patterns between experimental specimens and finite element ones at 
failure load. In general, flexural cracks occur early at the lower part of column. When applied loads increase, horizontal 
flexural cracks spread vertically from the lower part to the upper. 
 At a higher applied load, diagonal tensile cracks appear. Increasing applied loads induces additional diagonal and 
flexural cracks. Finally, compressive cracks appear at nearly the last applied load steps. 
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The failure modes of the finite element models show good agreement with observations and data from the 
experimental full-scale specimens. The addition of SIFCON jacket to the control specimen decreases the spreading the 
cracks.   

8.3 CRACKING AND FAILURE LOADS 

Table (7-1), given a comparison between the measured and predicted first cracking and ultimate loads of all analyzed 
specimens.  

From the results presented in this table, the following remarks could be concluded: 

 All numerical analysis values are less than that obtained from experimental results for cyclic loads, and vice versa 
for static specimens. 

 ANSYS modeling closely predicts the experimental behavior of beam column joint, however some feature and 
options need to be improved in the finite element program to accommodate dealing with new material possessing 
non-homogeneous properties. 

 
 
 
 

 

Fig. (41): Cracks patterns Theor. and Exp. for S1 

Fig. (42): Cracks patterns Theor. and Exp. for S2 
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Table (6): Representation Cracking and failure loads for the analyzed specimens. 
 

Specimen 
Ana. 

Cracking 
load(KN) 

Exp. 
Cracking 
load(KN) 

Ana. 
Failure 

load(KN) 

Exp. 
Failure 

load(KN) 
(S1) 21 26 34 41 
(S2) 68 78 102 129 
(S4) 61 68 95 123 
(S6) 24 22 36 33 
(S8) 94 72 112 104 

9. CONCLUSION 
1- No spall and crushing was observed in SIFCON specimens which means no concrete blocks or parts will be 

failed during the failure of the structure. 
 
2- No shear failure was observed in SIFCON jackets which means that the SIFCON jacket have higher shear 

capacity than traditional HSC jacket.  
 
3-  Cracking loads for SIFCON jackets represent about 60 to 70% of the ultimate load values. 
 
4- The ultimate loads for retrofitted column joint with SIFCON jacket, produced about triple that of controlled 

specimen value. 
 
5- The load carrying capacity of the investigated joint was positively improved once strengthened using SIFCON 

technique. SIFCON jacket without any steel Rft. increased the load carrying capacity by 214% from its original 
value approximately.  

 
6- The ductility of the investigated joint  was significantly increased by applying SIFCON technique. SIFCON 

jacket without any steel Rft. increased the ductility value by 81% from its original value approximately. 
 
7- The cumulative ductility of SIFCON jacket was 21% & more than HSC jacket specimens which means more 

ductility was gained by using this new system of retrofitting. 
 
8- Notable substantial increase of energy absorption of the retrofitted joint using SIFCON technique. SIFCON 

jacket increased the energy absorption by 172% from its original value approximately, and increased by 200% 
more than HSC jacket. 

 
9- The initial stiffness of the SIFCON specimen jacket was nearly about 53% & 200% greater than HSC jacket 

controlled specimens respectively. 
 
10- The energy dissipation is almost equal for SIFCON and HSC retrofitted specimens for lower displacement 

values (the first third part of the displacement curve). However, it is significantly observed, that the increase of 
energy dissipation for SIFCON specimens is higher than HSC specimen for large displacement values. 

 
11- The deficiency in cumulative energy dissipation -in the case of non-ductile reinforced column joint- can be 

made good by SIFCON strengthening. 
 
12- The SIFCON specimen deflection was found to be very less compared to the controlled specimen at the same 

horizontal load and acted as a rigid body. 
 
13- SIFCON jacket specimen improved strength and ductility related properties compared to HSC and controlled 

specimen.  
 
14- In general, using SIFCON jackets was successful in retrofitting R.C. joints due to the improvement of 

strength, ductility and the energy dissipation which means more efficiency in carrying seismic loads 
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