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Abstract 

The special dry joints for precast prestressed concrete segments are invented in this study to 

overcome the limitation of conventional dry joints. Eight specimens of special dry joints were made 

and subjected to direct shear test. Test parameters comprise concrete compressive strength (normal 

and high strength concrete) and steel fiber volume added in the special dry joint (0%, 0.5%, and 

1.0%). Test results revealed that the inclusion of steel fibers remarkably enhanced the shear capacity 

and ductility index. Failure mode of specimens was changed from shearing off to concrete cracking 

around shear key corners, defined as ductile shearing-off failure. Furthermore, the existing equations 

for predicting shear capacity of keyed joints were validated by the experimental results. Among 

available equations from literatures, the Turmo’s equation yields better prediction of the shear 

capacity for the special dry joint made with normal strength concrete. 
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Introduction 

Precast segmental box girders are widely used in modern bridge construction due to its 

advantages over the cast-in-place construction such as cost-saving from extensive formworks, 

reducing on-site environmental impact, and eliminating the time during the concrete casting 

process. Connections, the crucial parts in precast system, can be constructed using various 

techniques, such as monolithic placement [1-3], epoxy-bonding connection [4-8], and dry joint 

[4, 9-12]. Based on experimental results from previous studies, the monolithic placement and 

epoxy-bonding connection offer high shear capacity [1-3]. However, they consume time for 

the hardening process of cementitious or adhesive substances, whereas epoxy-bonding 

connection exhibits brittle failure behavior [13]. 

Dry joints, where the precast segments are connected without any binder, can 

help reducing the construction time. Even though the shear capacity is lower than that of 

epoxy-bonding connection, its failure mechanism is less brittle [7]. Shear keys are 

normally used in dry joints to achieve satisfactory connectivity performance. 

Investigations in the past proved that shear key systems are able to reduce the swelling 

of wood-concrete composite beams and also resist permanent deformation under cyclic 

loading without strength degradation [14-16]. The biggest problem of dry joints with 

shear keys is the imperfect fit of shear keys since segments are cast separately [17]. 

Attempts have been made to alleviate such a problem by applying the match-cast method 

to the precast segments. However, the dry joints are still found not well-fitted together. In order 
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to overcome this problem, a special dry joint for precast concrete connection is presented in 

this study. In addition, the previous works suggested that concrete compressive strength and 

fiber proportion affected the shear capacity of concrete joints [5, 7, 13, 18-24]. 

The objective of this study is to investigate the shear capacity of the proposed 

special dry joints made with various concrete mixtures. The effects of concrete 

compressive strength and steel fiber volume are examined through direct shear tests. 

Shear performance is assessed from load carrying capacity and ductility index at 

maximum load of specimens. Furthermore, the applicability of shear capacity equations 

from literatures is verified with the experimental results in this study. 

Experimental Program 

Specimens 

The details of specimen and reinforcement are given in Figure 1. The thickness of specimens 

was 200 mm. The special dry joints consisted of three shear keys and steel reinforcement, as 

shown in Figure 1(a). The joints were cast in advance by match-cast, and then they were 

fabricated into specimens, as shown in Figure 1(b). Reinforcing ribbed and dowel bars were 

the deformed bar with diameter 12 mm (DB12). Round bars with diameter 9 mm (RB9) were 

used to confine the reinforcing bar in the specimens. 

 
 

(a) Special dry joint (b) Test specimen 

Figure 1. Specimen geometry and reinforcing steel detailing (dimensions in mm.) 

Figure 2 presents the casting procedures of special dry joints. First, the steel mold 

with three shear keys was prepared as shown in Figure 2(a). Next, a concrete mixture was 

prepared and cast into steel formwork in Figure 2(a) to be female part of specimens. After 

concrete hardened, this female part was assembled with steel formwork and was used as 

mold for male part (see Figure 2(b)). Finally, male part was cast as illustrated in Figure 2(c). 

The surface of dry joint perfectly matches by using this method. 

After preparing the special dry joint, the dry joint was installed to the formwork 

(Figure 3(a)) and the synthetic resin emulsion under the tradename LANKO 751 was applied 

at interface to improve bonding. The remaining concrete portion of specimens were cast as 

shown in Figure 3(b). The mix proportion of concrete for this part consists of 328 kg/m3 of 
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Portland cement, 1,060 kg/m3 of coarse aggregate, 890 kg/m3 of fine aggregate, and 190 

kg/m3 of water. The target compressive strength of this concrete portion is 30 MPa. All 

specimens were cured with water and covered by wet cloth for 28 days. 

 

   

(a) Steel formwork for 

casting 

(b) Female part of specimen 

after casting 

(c) Male part of 

specimen during casting 

Figure 2. Casting of special dry joint  

(a) Reinforcing steel placed                    (b) Specimen after casting  

Figure 3. Casting of test specimens 

Materials 

The concrete mixture proportions of the special dry joints are presented in Table 1. There 

are four experimental cases. The test variables included the concrete compressive strength 

and steel fiber volume. The control specimen was the mix NC which was normal strength 

concrete without steel fibers. Meanwhile, the steel fibers were added at 0.5% and 1% by 

concrete volume to the mix NC-0.5SF and NC-1SF, respectively. The target compressive 

strength of the mix NC, NC-0.5SF, and NC-1SF was 35 MPa, while the mix HC was targeted 

at 65 MPa. A polycarboxylate-based superplasticizer was used to maintain the concrete 

consistency of the mix HC. 

Table 1. Mix Proportions of the Tested Specimens 

Specimen 

Portland 

Cement 

(kg/m3) 

Coarse 

Aggregate 

(kg/m3) 

Fine 

Aggregate 

(kg/m3) 

Water 

(kg/m3) 

Superplasticizer 

(ml) 

Steel 

Fiber 

(kg/m3) 

NC 

434 1,040 628 216 - 

- 

NC-0.5SF 39.3 

NC-1SF 78.6 

HC 594 1,090 540 180 156 - 



ASEAN Engineering Journal, Vol 11 No 1 (2021), e-ISSN 2586-9159 p. 63 

 

The steel fibers under the trade name Dramix® RC 65/35 BN were used in this 

study. The diameter and length of steel fibers were 0.55 mm and 35 mm, respectively. The 

fibers had an aspect ratio of 65. Fiber shape was straight with hooked end. The tensile 

strength and elastic modulus of fibers were 1,100 MPa and 210,000 MPa, respectively. 

The compressive strengths of the special dry joints are presented in Table 2. Each 

value is the average compressive strength of three cylindrical concrete specimens. The 

remaining concrete portions of specimens had a compressive strength of 32.1 MPa. Tensile 

properties of the reinforcing steel bars used in this study were tested according to ASTM 

A615 [25]. The average yield strength of the steel coupons obtained from RB9 and DB12 

were 439 and 538 MPa, respectively. The RB9 and DB12 coupons had an average tensile 

strength of 483 and 777 MPa, respectively. 

Table 2. Concrete Compressive Strength of the Special Dry Joints  

Specimen cf   

(MPa) 

NC 48.6 

NC-0.5SF 48.4 

NC-1SF 46.5 

HC 75.1 

Test Setup and Instrumentation 

The test configuration is depicted in Figure 4(a). A universal testing machine with a 

maximum load capacity of 5 MN was used for monitoring shear behavior of the specimens. 

Load was applied vertically on top surface of specimen to create shear force at connection. 

A load cell with a maximum capacity of 2 MN was installed on top of the specimens to 

measure the applied load. To simulate the transfer of prestressing force from tendon to 

concrete member, the confining stress of 1 MPa was applied constantly throughout. 

 

(a) Instrumentation 

  

(b) Applied confining stress (c) Loading condition 

Figure 4. Test setup 
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The use of the confining stress of 1 MPa is consistent with the experiments 

conducted in the literatures [9, 26, 27]. Furthermore, the confining stress of 1 MPa is the 

upper bound value applied as transferred posttensioning stress in adjacent box girder bridges 

[28, 29]. The threaded bars under the trade name as Dywidag® 15/17 was used to attach the 

confining stress-inducing system as captured in Figure 4(b). Two displacement transducers 

were placed on both sides of the specimens as shown in Figure 4(c) to measure an average 

vertical displacement due to applied force. An applied load was monotonically increased up 

to the failure of the tested specimens.  

Experimental Results 

Load and displacement levels of all specimens are presented in Table 3. It is noted that three 

replicated specimens were tested in cases of NC-0.5SF and NC-1SF. The considered load levels 

include the cracking load ( crV ), maximum shear force ( maxV ), and residual strength  

( rV ). The cracking load was identified by the presence of the first crack observed in tested 

specimens. The residual strength refers to shear force at 20% load decrease after reaching the 

maximum load. The cracking load ratio is defined as the ratio between crV  and maxV . The residual 

strength ratio is rV divided by maxV . The cracking load ratio of the specimen NC was 0.71. 

Table 3. Experimental Results of Tested Specimens 

Specimen crV   

(kN) 

maxV   

(kN) 

rV   

(kN) 

cru   

(mm) 

maxu   

(mm) 

ru   

(mm) 

NC 268.2 378.7 310.5 0.51 0.96 1.26 

NC-0.5SF-1 231.1 338.7 277.7 1.05 1.49 2.22 

NC-0.5SF-2 243.4 353.6 287.3 0.68 1.32 2.12 

NC-0.5SF-3 260.6 368.8 315.9 0.43 0.99 1.21 

NC-1SF-1 320.4 445.6 356.3 0.55 1.31 2.58 

NC-1SF-2 342.2 483.2 392.6 0.87 1.60 2.49 

NC-1SF-3 380.2 593.1 545.1 1.17 2.02 2.59 

HC 165.7 326.4 265.3 0.84 1.48 1.62 

The displacement levels are presented in the same manner with the considered load 

levels. The displacement at cracking load ( cru ), displacement at maximum load ( maxu ), and 

displacement at residual strength ( ru ) are determined. The ductility index at maximum load 

is defined as the ratio between maxu  and cru . The ductility index at residual strength is 

calculated by dividing ru  by cru . The specimen NC has a ductility index at maximum load 

and residual strength of 1.88 and 2.47, respectively. 

Shear Force - Vertical Displacement Relationship  

Figure 5 compares the shear force-displacement curves of the specimens with different 

compressive strength classes. The cracking load ratio of the specimen HC is 0.51. Despite the 

increase in concrete compressive strength, the cracking load ratio of the specimen HC decrease 

by 28%, compared to those of the specimen NC. The results indicate that maximum load of 

the tested specimen did not significantly change with the increase in concrete compressive 

strength. This may be due to minimum number of specimen HC. In order to clarify the behavior 

of high-strength special dry joint, it is recommended that forthcoming experiments shall focus 

on special dry joint with a concrete compressive strength higher than 50 MPa. 
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The ductility index at maximum load and residual strength of the specimen HC are 

1.76 and 1.93, respectively. The enhancement in concrete compressive strength by 55% 

shows a lower ductility index at maximum load by 6%. Also, the ductility index at residual 

strength of the specimen HC is lower than that of the specimen NC by 28%. 

  

Figure 5. Effect of concrete compressive strength on shear force-displacement curve 

The effect of steel fiber volume on shear force-displacement curve of the tested 

specimens is shown in Figure 6. Cracking load ratio and ductility index of three identical 

specimens are averaged then compared. The specimen NC-0.5SF and NC-1SF provided the 

same cracking load ratio at 0.69. These results indicate that the cracking load ratio is not 

affected by the addition of steel fibers between 0.5% and 1%. However, as presented in 

Figure 6, the maximum load is found to increase approximately 34% compared with the 

specimen NC when 1% of steel fiber is used.  

 

Figure 6. Effect of steel fiber volume on shear force-displacement curve 

The ductility index at maximum load and residual strength of specimen NC-0.5SF 

are 1.90 and 2.68, respectively. The specimen NC-1SF has a ductility index at maximum 

load and residual strength of 1.98 and 3.26, respectively. The results show that the ductility 

index at maximum load and residual strength significantly increase with the increase in steel 

fiber volume.  
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Damage Pattern 

The crack-initiation patterns of the specimens are illustrated in Figure 7. An initial crack was 

usually observed in male part. The shear stress may be mainly concentrated at the male part 

rather than the female part of the special dry joints. In addition, it was observed that, in most 

specimens, crack initiated at approximately 70% of the maximum applied load. However, 

crack of the specimen HC formed after an applied load reached 50% of the maximum applied 

load. The inclusion of steel fibers and the increase of concrete compressive strength could 

not delay cracking load.  

An experimental result showed that the initial cracks propagated along the plane at 

around 45 degrees to the applied load, as shown in Figure 7. Cracks widened as applied load 

increased. The crack patterns at maximum load were illustrated in Figure 8. Many crack 

paths were intimately connected to produce shearing off failure. According to the 

experiment, the specimens with steel fibers exhibited a slower crack propagation compared 

to the specimen NC and HC. This crack bridging action due to the use of fiber in concrete is 

consistent with earlier evidence reported by the literatures [18, 30-32]. A widespread 

cracking was observed over the shear key region only in case of the specimens with steel 

fibers. 

 

  

(a) NC (b) HC 

   

(c) NC-0.5SF-1 (d) NC-0.5SF-2 (e) NC-0.5SF-3 

   

(f) NC-1SF-1 (g) NC-1SF-2 (h) NC-1SF-3 

Figure 7. Crack initiation of the specimens (not to scale) 

The failure patterns for all specimens are depicted in Figure 9. The failure mode of 

the specimen NC and HC are a typical pattern which is the shearing-off of a male part of the 

dry joint. 
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(a) NC (b) HC 

   
(c) NC-0.5SF-1 (d) NC-0.5SF-2 (e) NC-0.5SF-3 

   
(f) NC-1SF-1 (g) NC-1SF-2 (h) NC-1SF-3 

Figure 8. Crack formation at maximum load (not to scale) 

  
(a) NC (b) HC 

   
(c) NC-0.5SF-1 (d) NC-0.5SF-2 (e) NC-0.5SF-3 

   
(f) NC-1SF-1 (g) NC-1SF-2 (h) NC-1SF-3 

Figure 9. Failure of tested specimens 
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This suggested that the concrete compressive strength has insignificant effect 

on failure mode of specimen. On the other hand, the ductile shearing-off failure was 

found in the specimens with steel fibers. The specimens with steel fibers showed sign of 

concrete cracking around shear key corners. This indicates that adding steel fibers 

changed the failure mode of the specimens from shearing-off to ductile shearing-off. 

Evaluation of Shear Capacity 

The existing equations for shear capacity of keyed joints ( jV ) from literatures are 

summarized in Table 4. The SI unit system is used in all equations. Each equation consists 

of three different input geometric parameters ( jA , kA , and smA ). jA  denotes the total area 

of joint surface. kA  and smA  are the base areas of all keys in the failure plane and contact 

area between smooth surfaces on failure plane, respectively. As seen from Table 4, most of 

the equations for shear capacity depend on concrete compressive strength ( cf  ) and confining 

stress ( n ) except for the equation proposed by Alcalde et al. [26]. The equation suggests 

that the shear capacity is influenced by the number of keys in a male part of joint ( kn ). It is 

noted that the equation developed by Alcalde et al. [26] is valid only for cf   of 50 MPa and 

n  presenting less than 3 MPa. Moreover, the equation proposed by Turmo et al. [19] is 

valid only for the concrete compressive strength up to 50 MPa.   

Table 4. Equations of Shear Capacities of Keyed Joints Proposed in Literatures 

Reference Equations for Shear Capacity of Keyed Joints Eq. 

Buyukozturk et al., 1990 [13] (0.65 1.36 )j j c nA fV    (1) 

AASHTO, 1998 [33] (1 0.205 ) (0.6 )cj k n sm nV A f A     (2) 

Rombach and Specker, 2004 [34] 0. 0 6514 .c nj k jf A AV   (3) 

Turmo et al., 2006 [19]  
2

3

(33 7 ) (0.6 )
100

j

c

k sn m nV
f

A A 


   (4) 

Alcalde et al., 2013 [26] 7.118 (1 0.064 ) 2.436 (1 0.127 )j k k sm n kV A n A n     (5) 

Note: jA  is the total area of joint surface, kA  is the base areas of all keys in the failure plane, 

smA  is the area of contact between smooth surfaces on the failure plane, cf   is concrete 

compressive strength, n  is confining stress, and  kn  is number of keys in a male part of 

joint.  

Shear capacities calculated from aforementioned equations are compared with 

the experimental results, as shown in Figure 10 and Table 5. It is noted that, in case of 

specimen HC, the shear capacities are estimated by Eqs. (1)-(3) only because the concrete 

compressive strength of specimen HC exceeds the applicable range of Eqs. (4) and (5). 

It is found that Eqs. (1)-(3) overestimate the shear capacity of the specimen HC by 99-

114% compared with the experimental result as seen from the outermost left data in 

Figure 10. This means that Eqs. (1)-(3) are not applicable to predict shear capacity in the 

case of the specimen HC. As a result, the ratios between estimated shear capacity and 

experimental shear capacity of the specimen HC are excluded from Table 5. This would 

prevent bias arising from limitation of equations developed by Turmo et al. [19] and 

Alcalde et al. [26].  
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Figure 10. Comparison of estimated shear capacities with experimental results 

Table 5. Estimated Result to Experimental Result Ratios of Normal Strength Specimens 

Specimen 
Buyukozturk 

et al. [13] 

AASHTO 

[33]   

Rombach and 

Specker [34]  

Turmo  

et al. [19] 

Alcalde  

et al. [26]  

NC 1.56 1.39 1.25 0.91 1.27 

NC-0.5SF-1 1.74 1.56 1.39 1.01 1.42 

NC-0.5SF-2 1.66 1.49 1.33 0.97 1.36 

NC-0.5SF-3 1.59 1.43 1.28 0.93 1.30 

NC-1SF-1 1.30 1.16 1.02 0.75 1.08 

NC-1SF-2 1.20 1.07 0.94 0.69 0.99 

NC-1SF-3 0.98 0.87 0.77 0.56 0.81 

Average 1.43 1.28 1.14 0.83 1.17 

S.D. 0.28 0.25 0.23 0.17 0.22 

Based on the data Table 5, Turmo’s equation (Eq.(4)) provides the best prediction 

of shear capacity for the specimen NC. Equations (1)–(3) and (5) which were developed by 

the literatures [13, 26, 33, 34] overestimate the shear capacity of the specimen NC by 25-

56% compared with the experimental results. This reveals that these equations (Eqs. (1)–(3) 

and (5)) are not appropriate to predict shear capacity of the special dry joints.  

Regarding to the special dry joint with steel fibers, the predicted shear capacities 

of the specimens with 0.5% steel fiber volume using Turmo’s equation are still closed to the 

experimental results. However, for the specimens with 1% steel fiber volume, the predicted 

shear capacities using Turmo’s equation are underestimated by 25-44% compared with the 

experimental results. Based on the results of seven specimens, the Turmo’s equation yields 

the lowest deviation compared to other equations. Nevertheless, the equations proposed in 

the literatures do not account for the effect of steel fiber volume on shear capacity of the 

special dry joints. A development of shear capacity equation for the special dry joints using 

steel fiber reinforced concrete with compressive strength of more than 50 MPa requires 

future investigation. 

Conclusions 

This study investigated the effect of concrete compressive strength and steel fiber volume 

on shear behavior of the proposed special dry joint for precast segmental concrete members. 

Shear capacity equations in literatures were validated against the experimental results. Based 

on the study, the conclusions can be drawn as follows: 
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1. The special dry joints without steel fiber were failed by shearing off of the shear keys.  

2. The maximum load of the specimens and ductility index were improved more 

prominently when the 1% of steel fibers was added in the special dry joints. Moreover, 

the addition of steel fibers changed the failure mode of the specimens from shearing off 

to ductile shearing-off failure. 

3. Among the existing shear capacity equations, the equation proposed by Turmo et al. [19] 

provides reasonable prediction of shear capacity of the normal strength-special dry joint 

without steel fibers. The equation, however, underestimates the shear capacity of specimens 

with 1% steel fibers. This is because the effect of steel fibers is not considered in the equation. 
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