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Abstract 
This paper represents a historical review, on the experimental studies carried out to investigate the behavior of 
non-prestressed dapped end beams. The specimens discussed are made of normal, high-strength and self-
compacting concrete and subjected to several systems of loading setup. Different values of the (shear span-to-
effective depth) ratio that were adopted by researchers are discussed. Some specimens are full scale other are 
prototypes. Different methods and suggestions by previous studies to strengthen the dapped end. Different failure 
modes that have been recognized based on detailing, dimension and material properties of the dapped end beams. 
Several parameters that may affect the behavior of dapped end beams are reported. Many shown also, the 
conclusions that have been drawn from various studies. In addition, some suggestion for future work are proposed 
and to extend studies about the behavior of the dapped end beams. Finally, a comprehensive list of references is 
provided. 
Keywords: dapped end beams, diagonal strut, shear failure, depth-to-span ratio 
1. Introduction 
Since the last years of the 20th century, precast concrete (PC) industry have become more popular around most of 
the world. PC structure has several merits in comparison with a cast-in-place one as the quick construction, more 
strength and durability (resistant to rot, mold, etc.), ability to eliminate beams and columns on the building 
perimeter, energy efficiency and excellent appearance, good noise reduction. In general, PC structures are 
segmented and can be connected using different types of linking elements. One connection details that are widely 
used in precast buildings and multi-story garages is the dapped end. A dapped end is achieved when the web of a 
beam is notched at the bottom corner, moving the bearing location higher in the cross-section providing better 
lateral stability of the beams and girders(Lu et al., 2015). The notch itself is known as the “dap” and the part of 
concrete being above the dap is called as the nib. The dapped end detail enables the overall depth of a precast slab 
or roof structure to be reduced by recessing the supporting corbel or L-edge into the supported beam. Thus, 
reducing significantly the overall height of a building providing an efficient and economical construction system. 
Because that the flow of internal stresses is interrupted by the sudden change in geometry; zones of non-uniform 
stress distribution (disturbance in flow) are caused close to the re-entrant corner and in the nib. Heavy stress 
intensity at the re-entrant corner due to the high bearing reaction and the sudden changes in geometry. Such regions 
of discontinuity in a member are referred as disturbed regions (D-regions). A bearing point is eccentric to the dap 
face and it may be accompanied by additional axial loads due to creep and thermal effects. Such loads must be 
safely resisted by transferring forces into the main cross-section of the beam through the reduced cross-section of 
the nib. Due to the complexity of the flow of stresses, traditional design methods are not adequate for designing 
dapped end beams; there are two main approaches to design the dapped ends(and corbels) which are the  shear-
friction (PCI )method or the strut and tie (STM) modelling. Both approaches requires the investigation of the 
potential failure modes. In addition, the designers frequently ignore some significant aspects such as proper details 
and the need for checking the stresses in the concrete. These omissions often yield poor serviceability, e.g. no 
prohibited cracking in the D-region, spalling of concrete cover, and may sometimes even cause premature brittle 
failure. Regrading the loading set-up, Figure 1, shows the main arrangement that observed through the different 
investigations; three with two dapped ends, while the forth is with one dapped end. Five modes of failure had been 
reported by the previous studies as shown in Figure 2. 
In the present work, a review of the previous studies achieved to investigate the behavior of non-prestressed dapped 
end beams (DEB) is presented. Moreover, conclusions and directions for future work are proposed. 
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Figure 1. Different loading arrangements for Dapped end beams 

 

 
Figure 2. Failure modes for Dapped end beams (PCI Handbook, 2004) 

 
2. Studies Concerning the Behavior of Reinforced Concrete Dapped End Beams 
Several researchers have investigated the general performance of non-prestressed reinforced concrete dapped end 
beams. Mattock and Chan (1979), achieved one of the earliest studies in this domain. In this work, the dapped end 
was suggested to be designed as an inverted corbel following the design proposal of Mattock (1976). The 
difference was only that a hanger reinforcement is needed to develop a tension force to withstand the inclined 
compressive force of concrete in the dap, Figure 3a, instead of the compression force in the column in the case of 
a corbel, Figure 3b. Such force must not be less than the unfactored shear force. To check the validation of their 
proposal, eight dapped ends have been considered; four with vertical reactions only. Whereas the others were 
tested under a horizontal force in addition to the vertical reaction. The main parameters studied where the 
expression of shear span "a" (which equals to the distance from the vertical reaction to the center of the hanger 
reinforcement) and the amount of hanger reinforcement. They addressed that the first crack occurred at the re-
entrant corner at about 20% of failure load. Then, cracking developed at approximately 45 deg. to the horizontal. 
In addition, it was found that in most tests, the longitudinal reinforcement of nib yielded at the range of (70-95) 
percentage of the maximum load. At final stages of loading, compression spalling and the top face of the beam 
become inflated close to the point of load application.  
 

 (a) one-midpoint load/Two daps  (b) Two symmetric loads/two daps 

 (c) one non-symmetric point load /two daps   (d) one non-symmetric point load/one dap   
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Figure 3. Internal force systems in (a) a dapped end (b)a corbel (Mattock and Chan, 1979) 

 
Based on the test results, they proposed what so-called "shear friction" design procedure for dapped ends which is 
based on a simple system of equilibrium model (flexural model). This design approach was adopted by the PCI 
institute then by the ACI 318 code provided that a/d <1.0. The main steps such approach are: 
1. The ultimate shear stress in nib due to factored load (vu) must not be greater than the limits in equation (1).  ݒ௨ = ௨ܸ/(∅ܾ݀) ≤ 0.2 ∗ ݂ܿ́                                  (1) 
2. The mount of steel hanger reinforcement, Avh, intersecting with the shear plane, to carry the total shear Vu need 
to be calculated according to equation (2):  ݒܣℎ =  (2)                                          ݕФ݂/ݑܸ
3. The ultimate moment at reentrant corner need to be calculated, by equation (3):  ݑܯ = ܽ	ݑܸ + ℎ)ݑܰ − ݀)                                   (3) 
4. The amount of reinforcement area, Ah, required to support the horizontal force, Nu, can be determined from 
equation (4).  

An = Nu/φfy                                         (4) 
5. Calculate reinforcement area Avf to transfer shear across interface between extended end and the full-depth 
beam. Use "Shear Friction" provisions of ACI 318-77; Shear Friction of the PCI Design Handbook or the proposed 
"Modified Shear Friction" 3 equation: ݂ݒܣ = ሼܸ݊/(Ф ∗ 0.8) − ݕ݂/ሽ݀	ܾ	ܭ ൒  (5)                         ݕ݂	ܾ݀	0.2	
K= 0.5, 0.25 and 0.31 for normal weight; all-lightweight and sand lightweight concrete respectively 

 
Figure 4. Design method proposed by (Mattock and Chan 1979) 

(a)                            (b) 

(a) Diagonal crack at reentrant corner (b) Diagonal crack at full depth beam 
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6. The steel area of main (tension) reinforcement of the extended end, As, have to be the greater one of the following:  ܣ௦ = ሼ ௙ܣ + ௡ଶଷܣ ௩௙ܣ +  ௡                                    (6)ܣ

7. Horizontal stirrups have to be provided in the lower two-thirds of the depth of the nib, having total area: ܣℎ	 =  (7)                                  	(݊ܣ–ݏܣ)0.5	
8. Provide a suitable anchorage for nib end. Such bars must satisfy an embedment length into the beam of (H – d 
+ ld) beyond the critical section (section of change in depth) to develop their yield strength. 
In 1983, Liem suggested a new method to enhance the strength of the hanger region through the use inclined 
hanger reinforcement to interrupt the diagonal cracks emanating from the reentrant corner. Eight full-scale 
specimens with (a/d<1) were tested under the loading setup shown in Figure 1c. He adopted the same dimensions 
and detailing as those of Mattock and Chan (1979), except inclined bars substituted the horizontal bars. Different 
amounts of hanger reinforcement and several shapes of dapped ends were considered. Then he explored the validity 
of Mattock procedure to estimate the capacity of dapped end beam with inclined hanger reinforcement. 
He concluded that the maximum allowable nominal shear value could be increased to 0.3f'c of corbels and dapped 
ends with horizontal reinforcement and to 0.6f'c for the case of 45o inclined reinforcement. Regarding the 
economical view, he concluded that inclined reinforcement are (√2) times more than the horizontal reinforcement 
in terms of the amount of steel required and that the shape of dapped end has no effect on the ultimate shear 
strength. 
He proposed a new approach for the design of dapped ends with as/hD <1; as follows: 
1- Calculate the ultimate shear force (Vu) and maximum moment (Mu) of the beam. 
2- Calculte req. steel area Awf or Ahf to resist full shear load; ܣ௪௙ = ௛௙ܣ for inclined steel           (8)    ݕФ1.41݂/ݑܸ =  for horizontal steel         (9)        ݕФ݂/ݑܸ
3- Check ultimate shear strength of concrete 
4- Check capacity of dapped end ܸݑ = 0.7Ф݂ᇱܿ ∗ ܾ ∗ ℎ஽	                           (10) 
Flexural tension strength of steel ௪ܶ௙ = ௪௙ܣ ∗  (11)                                   ݕ݂

Horizontal component; ுܶூ = ௪ܶ௙ ∗ ܶ (12)                45ݏ݋ܿ = ுܶூ + ுܶ                                       (13) 
TH: additional tension strength of horizontal confinement reinforcement ܽ = ܶ/(0.85 ∗ ݂′ܿ ∗ ܾ)                               (14) 
Capacity of the dapped end ܯ = ܶ(݀஽ − ܽ/2)							                        (15) 
Moment M at A should be greater than external moment, otherwise steps from 2 

 
Figure 5. Design method proposed by Liem, (1983) 

B 

A 
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5- Design of the section at B using the principles of reinforced concrete. 
The theoretical results revealed that the ultimate strength of dapped end with reinforcement of (45o) inclination is 
two times the strength of these with horizontal or vertical reinforcement.  
In 1991, Barton et al. examined the efficiency of the STM model to simulate the dapped ends with different 
reinforcement configurations. Four details of dapped beam using the loading scheme shown in Figure 1c have 
been proposed. Two specimens were based on strut-and-tie models. Whereas, the other two specimens were 
designed according to the PCI Hand book method (1985) and the Menan/Furlong design procedure;Figure 6. 
It was concluded that the strut-and-tie model might satisfy the detailing of the dapped beam fairly and that all of 
the methods mentioned above overestimate the capacity of the dapped ends but with different values. However, 
the STM procedure required a little more hanger reinforcement if compared with the other design procedures.  
Regarding their behavior, each of the specimens exhibited a ductile failure mode in which the steel yielded before 
the concrete failed.  

 
 Figure 6. Details of dapped end reinforcement for specimens tested by Barton (1991) 

 
In (2003), Lu et al. extended the knowledge of RC dapped end beams through testing 12 specimens. Several 
variables that believed to influence the behavior of dapped end beams were studied, as the concrete strength, (a/d) 
value, and the main horizontal steel of the dap. Nevertheless, (a/d) values still less than 1 and ranged between 
(0.56-0.89). Some specimens are made from normal weight concrete (34 MPa); others high strength concrete 
(69MPa) (which is the first time to consider high concrete). The loading setup shown in figure 1c was adopted. 
They proposed a new approach to estimate the shear strength of the dapped ends based on a system of strut and tie 
elements shown in Figure 7 as follows:  
The relationship between vertical and horizontal shears ( ௗܸ௩	ܽ݊݀	 ௗܸ௛)	was expressed as: ௏೏ೡ௏೏೓ ൎ ௝ௗ௔́                                                 (16) 

ௗܸ௛ = ܥ = ܶ − ݒܸ݀ (17)                                           ܿܰ = ߠ݊݅ݏܦ− + ߠ (18)                                       ߠ݊ܽݐ௛ܨ = tanିଵ ቀ௝ௗ௔́ ቁ                                            (19) ݆݀ = ݀ − ݇݀/3.                                           (20) 

PCI detail STM model Modified STM detail 

Menan/Furlong Model 
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ℎܨ = ௦߳௛ܧ௧௛ܣ ≤  ௬௛                                      (21)ܨ
a′ and  D; are  the shear span and  compression force in the diagonal strut respectively  
Fh, Fyh and  Ath are the tension force, yielding force and the cross sec. area of the horizontal tie respectively. −ܦ sin ߠ݊ܽݐ௛ܨ	:ߠ = ܴ݀ ∶ 	ܴℎ                               (22) 
Rd and Rh are the vertical shear ratios carried by the diagonal and horizontal mechanisms, which are calculated 
as: 

Rd=1−γh                                      
Rh=γh                                 (23)               

 Where;ߛℎ	 = ଶ௧௔௡ఏ–	ଵଷ 	;    0<γη<1                          (24 )  

They found that when θ≥tanିଵ(2); all the shear is resisted by the horizontal mechanism; whereas for θ≤tan–1(1/2); 
the shear is resisted by the diagonal mechanism. The test results revealed increasing concrete strength, amount of 
the horizontal dap reinforcement improved the shear capacity of dapped-end beams noticeably. In addition, An 
improvement of shear capacity was noticed when reducing (a/d) ratio.Also,the shear strengths predicted by the 
proposed model and the PCI method were compared with the test results. The comparison yielded that the PCI 
Design method yielded less accurate (underestimates) results and less values of shear capacity if compared with 
the proposed procedure. 

 
Figure 7. Strut and tie model proposed by Lu et al. (2003) 

 
In 2005 Wang et al., tested 24 DEB up to failure. A value of (a/d) less than 1.0 was adopted with compressive 
strength of concrete between (11.32-18.12) MPa .Several configuration of inclined hanger reinforcement have 
been investigated. The main variables studied in this work were the depth of nib end, the type and distance to use 
the stirrups and the bent detail of the main steel.  

They introduced a semi-empirical (Truss mechanism); Figure 8, for shear strength estimation as follows:  ேܸ = ௖ܸ + ௦ܸ + ௕ܸ                                 (25) 
In which ௖ܸ 	. ௦ܸ	. ௕ܸ are the contribution of concrete, vertical stirrups and bent bars, thus; ேܸ = ଵߚ ∗ ௖݂ ∗ ܾ ∗ ℎଵ଴ + ଶߚ ∗ ௦௩ܣ ∗ ௬݂௩ + ௦௕ܣ ∗ ௬݂ ∗ sin  ଷ are obtained from statistical regression analysis as 0.0546, 0.8583 and 1.00 respectivelyߚ	,ଶߚ	,ଵߚ (26)                   ߙ
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Figure 8. Internal forces in the analogous trusses proposed by Wang et al. (2005) 

 
Regarding the longitudinal steel; if vertical stirrups are provided, 

ଵܶ = 1.18 ௘௛భబ ∗ ௨ܸ                                     (27) 

If the shear resistance of a dapped end beam is controlled by the flexural strength of its extended end, the shear 
strength can be calculated as: 

ேܸ = ஺ೞభ∗௙೤∗௛భబଵ.ଵ଼௘                                      (28) 

From test, they observed the first cracks occurred at the reentrant corner of the dent with angle (400-600) from the 
horizontal.. A failure occurred when the tip of the diagonal crack that progressed gradually reduced the uncracked 
compression block noticeably. Then, a so called "shear-compression failure" occurred. In addition, it was found 
the dimensions of the cross-section of beam and dap (especially depth) have a significant effect on formation of 
the diagonal cracks and shear capacity. Furthermore, it was reported that there no significant effect of the web 
reinforcement on crack control. Whereas, the influence of stirrups inclination and longitudinal bent reinforcements 
were noticeable on the shear strength if compared with the closed vertical stirrups. Thus, it was suggested that nib 
depth not to be less than 0.45h (where h: full depth beam) and the effective range of the hanger stirrups to be half 
to full depth of dap end with a minimum cover of 40 mm. 
The first use of steel fibers in dapped end beams was in 2008 by Mohamed and Elliott. 1% by volume hooked-end 
steel fibers was used to substitute partly the hanger reinforcing bars. The test setup shown in Figure 1c was adopted 
to study several variable; the reinforcement configuration, concrete strength as well as nib depth. The study 
included experimental tests of 20- self-compacting steel fiber RC dapped end beams.  
A new softened strut-and-tie model was proposed; Figure 9; by which the diagonal shear compression failure, VDC 
can be predicted as: 

VDC =( 0.81K ζ fcu as bs sin θ ) + (1.66.ηθ. η1. τφ. λφ. ςf ) bw d,                     (29) 

K=1,  fck=0.81fcu ࣈ = ૜.૜૞ඥ	ࢉࢌᇱ ≤ ૙. ૞૛  (Lin et al.)                           (30) 

ηθ, η1, λf: factors related with fibers, Vf: fiber content 
τf: the fiber matrix bond taken from flexural strength tests of FRC prisms as 4.15 N/mm2, (Swamy and Mangat, 
1976)  
fcu cube strength, and θ is the failure plane angle, 
Astr = is the area of diagonal strut, as and bs: are the depth and width of the diagonal strut respectively 
They found that comparing the results of the proposed method, the PCI, traditional shear summation and Wang et 
al. methods with the experimental tests emphasized that the strut-and-tie concept  of the proposed model was the 
best approach to design the disturbed zone of the dapped ends. The shear force is transferred entirely through the 
compressive diagonal strut. In addition, the mode of failure of the tested beams is of shear-compression type along 
the diagonal strut and the strength of steel reinforcement is less effective. The substitution of 1% by volume of 
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steel fibers was obtained to have good influence in both type of beams, in either full addition or partial substitution 
over secondary reinforcement. 

 
 
In 2009, Peng investigated two DEB with four different reinforcing details as shown in figure 10. The compressive 
strength of concrete was 33MPa and (a/d) value of 1.0. The specimens were tested under the loading setup depicted 
in Figure 1a. The STM model adopted by CSA 2004 Standard was used in analysis of one specimen while the 
others were designed according to PCI method. The variables considered were the anchorage of the hanger 
reinforcement and the nib main reinforcement.  

 
Figure 10. Details of dapped end tested by Peng (2009) 

 
Results revealed that the STM models was a conservative approach and that the early versions of 1971 and 1999 
PCI method gave poor design and detailing requirements thus result in brittle failure modes. In addition, the proper 
anchorage reinforcement details have a considerable effect on ductility, type of failure and shear capacity of about 
44%. In addition, they demonstrated that placing hanger reinforcement close to the dapped end enhanced the shear 
capacity of the dapped ends. 
A new mechanism analysis have been proposed by Yang et al. (2011), depending on the energy principle, Figure 
11, to estimate the failure plane and the associated shear strength of RC dapped-end beams. Results of 47 dapped-
end beams tested experimentally by Lu et al. (2003), Mattock & Chan (1979), Taher(2005) and Wang et al. (2005) 
have been adopted to calibrate the proposed approach against different techniques (PCI, STM model based on 
ACI318-05). 
It was reported that the both PCI design method and the simplified strut-and-tie model overestimate shear strength  
in contrast adequate prediction by the proposed mechanism analysis was found. Furthermore, they demonstrated 
that the influence of shear span-to-overall depth ratio of beam and horizontal tensile loads on the shear capacity of 
dapped-end beams might not be described adequately by the PCI design method. This is besides the hanger, 
longitudinal, and shear reinforcement in the dapped end. Moreover, the effects of such variables estimated by the 
mechanism analysis was similar to the results whose the STM model yielded.  
In 2013, Ahmad, et al. studied the effect of the depth of the extended end on the response of the RC dapped end 
beams. Four specimens have been tested under the loading scheme shown in Figure 1a. The concrete compressive 
strength of 35.45 MPa with (a/d) value less than 1.0. Specimens were divided into two groups having total 
depth/nib depth of 18''/11''and 12''/7'' respectively. 
 

Figure 9. Strut and tie model proposed by Mohamed and Elliott (2008) 

(a)CSA 2004 (b) PCI 1971 (c)PCI 1999 (d)PCI 1999 
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Figure 11. Potential failure mechanism dapped end beams proposed by Yang et al. (2011) 

 
It was concluded that the shear capacity was effected by (shear span /depth) ratio rather than the overall depth of 
the beam. On the other hand, the STM model produced an underestimate solution for high dap depths only, and 
design for DEB using STM modelled to results influenced by the strut inclination. In addition, the reinforced 
concrete dapped end beams have the ability to resist loads beyond formation of the diagonal crack due to arch 
action. 
In 2014, Aswin, et al. check the validity of the STM modelling based on (ACI- 318-08, Euro Code 2 and BS 8110) 
codes and PCI method. They used results of (Wang et al., 2005) to estimate the failure loads. In addition, Some 
variables were discussed such as concrete compressive strength, nib dimensions, (a/d) ratio, types and distance of 
hanger stirrups, bent configuration of the longitudinal reinforcements, main nib end and hanger steel reinforcement. 
He concluded that Euro Code 2 and BS 8110 were less accurate in comparison with PCI method and ACI-318-08. 
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Furthermore, it was reported that beams with inclined stirrups, bent reinforcement less than (900), higher dapped 
height, closer stirrups distance and higher number of stirrups provided higher failure loads. 
In 2015, Aswin, et al., tested four large-scale RC-DEB specimens adopting loading setup shown in Figure 1d. 
Three were made of normal strength concrete (NSC) of f'c=27MPa, while the forth was high strength concrete 
with PVA fibers (f'c=79 MPa) at dapped end only. The shear span-depth ratio (a/d) was 0.91 to satisfy the PCI 
requirements. They studied three variables, which are amount of dapped end reinforcement, main longitudinal 
steel, and grade of concrete at the dapped-end zone. It has been found that the use of high strength concrete in the 
dapped area may increase the failure load by (51.9%) and Increasing the amount of nib and main flexural 
reinforcements gave an enhanced in the failure load by (62.2%) and (46.7%) respectively. 
In 2015, Lu, et al., introduced a modified model to estimate the diagonal compression strength of dapped-ends 
based on strut and tie model and according to Lin et al. (Lin et al., 2003). 24-DEB with shear span-to-depth ratio 
(a/d) ranged between (1.19-1.51) with loading setup shown in Figure 1c. The compressive strength of concrete 
was taken in the range (32.5-62.9) MPa. Several parameters were studied as compressive strength of concrete, (a/d) 
ratio, and longitudinal nib and hanger stirrups of the dapped-end beams. Regarding the mode of failure, all of the 
specimens failed by flexure mode and that the shear capacity might be enhanced with higher concrete compressive 
strengths and with smaller values of a/d ratio.  
The proposed model can be expressed as follows: 

 
Figure 12. The model proposed by Lu et al. (2015) 

	݀ܥ  = 	 	ℎܭ) + 	ݒܭ	 − 1) ∗ 	݂	′ܿ ∗                (31)	௦௧௥ܣ
The horizontal and vertical tie indices can be estimated as follows (Lu et al., 2003; Lu et al., 2012): ܭ௛ = 1 + ഥ௛ܭ) − 1) ஺ೡ೓௙೤೓ிത೓ ≤ ഥ௛ܭ             (32)	ഥ௛;ܭ ൎ ଵଵି଴.ଶ൫ఊ೓ାఊ೓మ൯;                   (33) ߛ௛	as in equation (24 ) ࡲഥࢎ = (࢚࢙࢘࡭′ࢉࢌ	ࣈഥ௛ܭ)ࢎࢽ ௏ܭ (34)                   ࣂܛܗ܋ = 1 + ഥ௏ܭ) − 1) ஺ೡ೓௙೤೓ிതೇ ≤ ഥ௏ܭ ഥ௏                (35)ܭ ൎ ଵଵି଴.ଶ൫ఊೡାఊೡమ൯                     (36) ߛ௩ 	= ଶ௖௢௧ఏ–	ଵଷ ത௏ܨ (37)                         ;	 = 	ߦഥ௏ܭ)௏ߛ ௖݂′ܣ௦௧௥) sin  (38)                ߠ

------ Compression strut                 tension tie  
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௦௧௥ܣ as in equations (19) and (30)	ߦ	݀݊ܽ	ߠ	 = ௦ݐ ∗ ܾ௦                  (39) ݐ௦ = ඥ݇݀ଶ + ܽ௕ଶ                    (40) 
The shear strength of dapped-ends due to diagonal compression failure can be calculated as: ܸ݀௩	௖௔௟௖ 		=  (41)                      	ߠ	݊݅ݏ	݀ܥ
A total of 24-specimens that were tested in this study besides 44 others tested experimentally by Mattock and Chan 
(1979), Lu et al. (2003) and Lu et al. (2012) have been used to verify the proposed model. The proposed model 
can consistently predict the shear strength of dapped ends at diagonal compression failure with different shear 
span-to-depth ratios, compressive strength of concrete and parameters of flexural tensile reinforcement. 
Predictions that are more conservative have been obtained from the STM of the ACI Code. 
In 2016, Desnerck, et al., tested experimentally, four DEB with the loading setup shown in Figure 1a. The 
compressive strength of concrete was 52 MPa and (a/d) value of about 1.0 was adopted. Several reinforcement 
details of dapped ends were investigated. The control specimen was designed by STM model. Whereas the other 
beams were with either missing diagonal reinforcement, missing nib reinforcement or a reduced hanger 
reinforcement as shown in Figure 13. 
It was found that that the STM underestimates the shear strength of the dapped ends and the control specimen has 
failed at the re-entrant corner. furthermore, removing the diagonal reinforcement or U-bar nib reinforcement, 
results in a nib failure whereas the reduction of shear(hanger) reinforcement produced a shear failure in the full-
depth section of the beams with a reduction of the failure load was smaller which about (10%). The greatest effect 
on the failure load has been recorded in beams without diagonal reinforcement bars with a reduction of about (39%) 
compared with the control specimen. This investigation yielded also, that in all specimens, cracks initiated at the 
re-entrant corner with a load level corresponding to 20-33% of the failure load and angle around (40-45)o except 
the beam without a U-bar where the angle was higher (75)o.  

 
Figure 13. Reinforcement layouts for specimens tested by Desnerck et al. (2016) 

 
Later, in (2018), the same authors tested Experimentally 12 half-joint beams to study several variables that may 
affect performance of such members. Such parameters are as compressive strength, reinforcement layout, 
Influence of detailing Influence of deterioration, The STM models were adopted to analyze all specimens.  
Results revealed that in all cases, that the STM method underestimates the shear capacity, as would be expected 
from a lower bound method. However, the underestimation varied significantly within a range of 16-57%. 
Moreover, for all the specimens, the predicted load carrying capacity from the STM was governed by the yielding 
of the reinforcing bars (under-reinforced half-joint) or insufficient anchorage lengths, rather than exceeding the 
capacity of the concrete struts. This was the case even for the lower concrete strength specimens. 
Shakir et al. (2018) tested experimentally 14-specimens to study the performance of reinforced self-compacting 
concrete dapped end beams strengthened with CFRP sheets. Two values of (a/d) namely (1.5 and 1.0) were adopted. 
Two specimens have been considered as reference beams. While, four beams were made with some reduction in 
horizontal nib or hanger reinforcement. Eight specimens have been upgraded with several arrangements by CFRP 
sheets. It found that (a/d) ratio has a noticeable effect on behavior of dapped end beam. For the  specimens with 
full-reinforcement, the reduction of (a/d) ratio from (1.5) to (1.0), led to increase the failure load capacity by about 
(17%) and transferring the failure mode from diagonal tension in the extended end to the diagonal tension in the 
reentrant corner. The reduction of hanger reinforcements by about (50%), results in reduction of ultimate load 
about (13%) regardless of values (a/d) ratio. However, the reduction of nib reinforcement by about (60%), result 
in reducing the ultimate load by about (56%) for a/d=1.5 and (15%) for a/d=1.0. 

a) Reference beam b) No U- bars d) No diagonal bars c) Reduced hanger 
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3. Conclusions 
1. The first cracks initiated from the reentrant corner of the dent and spreads towards the compression zone of the 
beam with an angle (400-600) from the horizontal. While, the angle of inclination of the failure crack in all beams 
was approximately 30°.Thus, any strengthening method should take in consideration the inclination of the 
strengthening material with respect to the crack. 
2. In most beam specimens, cracking initiated with a load value ranging between 20-33% of the ultimate load, 
Thus it is expected that the strengthening in early stages of loading will be more advantageous than the final stages.  
3. Regarding the economical view, it was reported that inclined reinforcement with (45o) are (√2) times more than 
the horizontal reinforcement in terms of the amount of steel required and that the shape of dapped end has no effect 
on the ultimate shear strength. Therefore, it is recommended to use small size of for the main steel of the beam 
and bending some of the bars within the dapped end up with (30o- 45o) from the horizontal.  
4. The shear capacity is effected by (shear span /depth) ratio rather than the overall depth of the beam. Considerable 
enhancement was recoded with smaller values of a/d ratio. 
5. Several approaches and methods have been investigated to design the dapped ends as the PCI 1971 then, PCI 
1999 method; traditional shear summation; strut-and-tie concept; Euro Code 2 and BS 8110 methods. Others have 
been introduced, such as mechanism analysis Wang et al. method. 
6. It was reported by most of researchers that the strut-and-tie concept is the most suitable approach to design the 
disturbed region of the dapped ends. Due to its ability to satisfy the detailing of the dapped beam fairly. While, the 
PCI Design method yielded less accurate results of shear capacity. Euro Code 2 and BS 8110 were less accurate 
in comparison with PCI method and ACI-318-08(STM models). 
7. The PCI design procedure does not efficiently characterize the effect of shear span-to-overall depth ratio of 
beam, horizontal tensile loads, hanger reinforcement, longitudinal nib reinforcement, and shear reinforcement in 
the dapped end on the shear strength of the nib ends. The effects of such variables estimated by the mechanism 
analysis of (Yang et Al., 2011 ) was similar to those that the strut and tie model yields. Both the proposed 
mechanism analysis and STM model obviously indicate that the critical failure path of dapped-end beams may be 
affected by such parameters. 
8. The reinforced concrete dapped end beams have the ability to resist loads beyond formation of the diagonal 
crack due to arch action. 
9. It was observed that introducing some inclination in the bottom of a dapped end yield more adequate than the 
rectangular one. This is due to the small stress intensity compared with the rectangular nib end. 
10. Regarding the behavior of the dapped ends, some specimens exhibited some ductile behavior up to failure in 
which the steel yielding occurred before the concrete failed in compression. The longitudinal reinforcement of nib 
yielded at the range of (70-95) % of the maximum load. Others, shear-compression type along the diagonal strut 
with compression spalling and the top face of the beam became inflated close to the point of load application. 
Some studies addressed four failure modes were observed which are diagonal tension cracks within the full-depth 
of the web, diagonal tension cracks within the nib. Flexure-shear cracking in the full-depth precipitated by 
longitudinal splitting of the web and strand bond failure, crushing of the diagonal strut near the bottom corner of 
the stem. The patterns of modes of failures of all the specimens were governed by the diagonal tension at the 
reentrant corners.  
11. Different variables were studied as shear span "a", the amount of hanger, configuration and detailing of hanger 
reinforcement, the anchorage of the hanger reinforcement, the concrete strength, (a/dnib) value, dnib / hbeam. In 
addition, the main horizontal nib reinforcement, effective distance to provide the stirrups, bent form of the 
longitudinal reinforcements, the effect of horizontal reaction, type of web reinforcement in dapped regions, length 
of horizontal extension of hanger reinforcement and strand profile. 
12. The effective range of the hanger stirrups was proposed half to full depth of dap end. Placing the first hanger 
reinforcement close to the dapped end (minimum cover of 40 mm) with closer stirrups distance and higher number 
of stirrups enhanced the shear capacity. Also, Increasing shear reinforcement of the web increases strength and 
ductility after cracking. The strut-and-tie design procedure required slightly more shear reinforcement compared 
to the other design procedures as PCI and the Menan/Furlong design procedures.  
13. The dimensions of cross-section of beam and dap (especially depth) have a significant effect on formation of 
the diagonal cracks and shear capacity. Thus, it was suggested that (nib depth/ depth of beam) not to be less than 
0.45.  
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14. Increasing the concrete strength of the disturbed region improved the shear strength of dapped-end beams 
noticeably but not in direct proportion to the square root of the concrete strength. it was found the using  high 
strength concrete(79MPa) rather than (28MPa) in the dapped area improved the failure load by (51.9%).  
15. The closed vertical stirrups is less effective in shear strength than those with inclined orientation are and bent 
configuration. Using inclined hanger or bars steel bars result in better serviceability performance expressed by 
cracking control, i.e. minimizing crack width and crack development rate. An Improvement in the capacity of the 
dapped end beams by about 30% was recorded in comparison with the vertical hanger detail.  
16. The proper anchorage reinforcement details have a considerable effect on ductility, type of failure and shear 
capacity of about 44%. The horizontal extension of the hanger reinforcement in the bottom of the web should not 
be less than 1.7ld. Adopting the 180o bends at the nib can be considered as good anchorage methods of the bars. 
and that the early versions of 1971 and 1999 PCI method gave poor design and detailing requirements thus result 
in brittle failure modes. 
17. Increasing amount of the horizontal dap reinforcement improved the shear strength of dapped-end beams 
noticeably. Increasing the amount of nib and main flexural reinforcements gave an enhanced in the failure load by 
(62.2%) and (46.7%) respectively. 
18. The substitution of 1% by volume of steel fibers was obtained to have good influence on the dapped end  eams, 
in either full addition or partial substitution over secondary reinforcement. 
19. When removing the diagonal reinforcement or U-bar nib reinforcement, a nib failure occurred whereas 
reducing the hanger reinforcement produced a shear, failure in the full-depth section of the beams with a reduction 
of the failure load was smaller which about (10%). The greatest effect on the failure load has been seen in the 
beams without diagonal reinforcement bars with a reduction of about (39%) compared with the control specimen.  
20. Different schemes were used in practice to strengthen the dapped end region, (L-, CZ, C- , Z-, inclined L-
shapes and welded Wire Reinforcement (WWR)) with ultimate capacities of 35% to 74%. More than the factored 
design load. However, the inclined L configuration yielded good performance in comparison to other forms 
because the hanger reinforcement is nearly parallel to the diagonal tension field. 
21. There no significant effect of the web reinforcement on the rate of crack propagation and the strength of steel 
reinforcement is less effective. 
22. For all the specimens, the predicted load carrying capacity from the STM was governed by the yielding of the 
reinforcing bars (under-reinforced sections) or inadequate anchorage lengths, rather than exceeding the capacity 
of the concrete struts. This was the case even for the low concrete strength specimens.  
23. Several other methods can be investigated rather than those previously suggested to enhance the performance 
of beams with dapped ends as adopting composite -section dapped ends, making the hanger reinforcement as coiled 
spiral or using reactive powder concrete within the dapped ends only. This may be very effective for precast 
construction subjected to severe loading, or effects of seismic forces. 
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