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Abstract

:

In composite structures, interface shear resistance is a critical design criterion for transferring forces between interconnected elements at the contact surface. Recently, Ultra-High-Performance Concrete (UHPC) applications in construction have been growing rapidly due to superior mechanical and durability properties; however, there is no guidance on how to predict the interface shear resistance of UHPC cast on hardened conventional concrete (CC). This paper presents the experimental and analytical investigations conducted to develop friction and cohesion factors of the shear friction theory for UHPC cast on hardened CC in composite sections. Push-off shear tests and slant shear tests were conducted to evaluate and validate the effect of interface surface texture, interface reinforcement ratio, CC and UHPC compressive strength, and fiber presence. A friction factor of 1.0 was adopted—as in the current code provisions—while a cohesion factor of 3.45 MPa (0.5 ksi) between UHPC cast on intentionally roughened hardened CC was proposed, which is significantly higher than that in the current code provisions of CC. Also, increasing the interface shear reinforcement ratio increased the interface shear resistance significantly and resulted in a more ductile failure. Neither UHPC compressive strength nor the presence of steel fibers had a significant effect on the interface shear resistance of UHPC cast on hardened CC.
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1. Introduction


According to ASTM C1856-17, Ultra-High-Performance Concrete (UHPC) is a special class of cementitious concrete with minimum specified compressive strength of 120 MPa (17.4 ksi), maximum aggregate size less than 5 mm (1/4 in.), and flow between 200 and 250 mm (8–10 in.) [1]. UHPC is characterized by high particle packing density of its ingredients and low water-to-binder ratio to achieve its high compressive strength and durability. Adding fibers to UHPC mix, generally high-strength steel fibers, enhances the performance of UHPC in flexural and tension, even after initial cracking, and provides ductile behavior that makes UHPC superior to conventional concrete (CC). These properties make UHPC an ideal material for connections, toppings, overlays, and structural components in a wide range of applications [2,3,4,5,6].



The interface shear resistance is a critical design criterion for transferring shear forces between two interconnected structural components of different materials, or those cast at different times, to achieve composite action. Using UHPC in construction results in four types of contact surfaces where interface shear resistance needs to be evaluated:




	
Fresh UHPC cast on hardened CC (CC–UHPC);



	
Fresh CC cast on hardened UHPC (UHPC–CC);



	
Fresh UHPC cast on hardened UHPC (UHPC–UHPC);



	
UHPC cast monolithically (MON-UHPC).








In this paper, the interface shear resistance of only the first type (CC–UHPC) is investigated experimentally and analytically, to assist designers in estimating the required interface shear reinforcement for applications where UHPC topping/slab is cast on CC beam/girder. Examples of these composite sections are shown in Figure 1.



The paper is organized as follows: First, the literature of shear friction theory, current code provisions, and UHPC interface shear research are reviewed. Second, interface shear models for CC–UHPC are developed using the results of fifteen L-shape push-off tests with different reinforcement ratios and similar tests conducted in the literature. These results are also compared against predictions of current code provisions for CC, namely, ACI 318-19 [7]; AASHTO LRFD (2020) [8]; Eurocode 2 (2004) [9]; CSA A23.3-14 [10]; and NF-P-18-710-UHPC (2016) [11]. Third, the proposed model for highly roughened interface shear texture is validated using slant shear tests and similar tests conducted in the literature. Finally, a design example and research conclusions are presented.




2. Literature Review


2.1. Shear Friction Theory


The interface shear resistance is the maximum shear stress that prevents relative slide between two different concrete layers. The shear friction theory was first presented by Birkeland and Birkeland (1966) [12]. In this theory, a crack was assumed to develop at the interface plane, creating a roughened surface that is simulated by a fine sawtooth pattern. The mechanism of resisting shear force (V) relies on the friction force produced by the normal force (i.e., clamping force) to the interface, which is either externally applied compression load or internal tension in the shear reinforcement crossing the interface (T). When the two layers of concrete start to move away from each other at the interface, a displacement (δ) normal to the interface plane occurs, which generates a tension force in the interface shear reinforcement up to its yield. In this case, the interface shear resistance (vni) can be predicted using the following equation:


    v   n i   = ρ   f   y     tan  ⁡    ϕ     = ρ   f   y   μ ≤ 5.50   M P a ( 0.80   k s i )  



(1)




where ρ is the interface shear reinforcement ratio (Avf/Acv) and is limited to 1.5%; Acv is the area of concrete engaged in interface shear transfer (mm2 (in.2)); Avf is the area of reinforcement crossing the interface shear plane (mm2 (in.2)); fy is the yield strength of the interface shear reinforcement and is limited to 420 MPa (60 ksi); and   ϕ   is the slope of sawtooth ramps, the tangent of which is also called shear friction factor (µ). Concrete compressive strength is assumed to be greater than 28 MPa (4.0 ksi).



Based on experimental testing results, the friction factor (µ) was found to be 1.70, 1.40, 0.80, and 1.0 for monolithic concrete, intentionally roughened concrete surfaces, smooth concrete surfaces, and concrete– steel interfaces, respectively [12]. Many researchers studied the interface shear behavior between two concrete layers for different cases and different interface surface textures over the last few decades [13,14,15,16,17,18,19]. Concrete cohesion factor (c) was added later to shear friction theory, known as “Modified shear-friction theory”, to represent the chemical bond between the concrete particles at the interface plane, adding to the initial interface shear resistance [14].




2.2. Code Provisions


The current provisions of ACI 318-19 [7], AASHTO LRFD (2020) [8], Eurocode 2 (2004) [9], and CSA A23.3-14 [10] are based on the shear friction theory, but they do not address the interface shear resistance of CC–UHPC. Only the French standard for UHPC (NF-P-18-710-UHPC [11]) indicates that normal concrete interface shear equations of the Eurocode 2 (EN 1992-1-1:2004) can be used to predict the interface shear resistance of CC–UHPC. Recently, the draft of the AASHTO LRFD Guide Specifications for Structural Design using UHPC (Guide Section 1.7.4.4) presented the interface shear resistance of UHPC cast against CC to be the same as that between conventional concrete layers. The recently completed research project sponsored by precast/prestressed concrete institute (PCI) to study the implementation of UHPC in Long-Span Precast Pretensioned Elements for Concrete Buildings and Bridges also adopted the AASHTO LRFD provisions for CC when the CC section is one of the interface shear layers (PCI, 2021) [2]. Table 1 summarizes the interface shear resistance provisions for CC and associated upper bounds. Table 1 also shows that the interface shear is resisted by both concrete cohesion and shear-friction at the interface plane with area (Acv) in all codes, except ACI 318-19, which ignores the concrete cohesion portion. ACI 318-19, Eurocode 2 (2004), and CSA A23.3-14 provisions consider the interface shear reinforcement inclination angle (α), between the reinforcement and the interface, in predicting interface shear resistance. In all provisions, the shear reinforcement crossing the interface plane is required to be fully developed on both sides of interface plane, and its stress is limited to the yield strength, but should not exceed 420 MPa (60 ksi) in AASHTO LRFD (2020) and ACI 318-19, and 500 MPa (72.52 ksi) in CSA A23.3-14, to control crack width. Also, the compressive strength of the weaker concrete layer (fc’) is used in obtaining the interface shear resistance upper bound.



Table 2 summarizes the concrete cohesion and shear friction factors stated by the four codes for three different interface surface textures. Two surface textures are recognized by all the codes: (1) smooth texture (clean surface that is not intentionally roughened); and (2) high-roughened surface (clean surface that is intentionally roughened with an amplitude of at least 6 mm (0.25 in.) in AASHTO LRFD and ACI 318-19, or 5 mm (0.2 in.) in Eurocode 2 and CSA A23.3-14). Eurocode 2 is the only code that includes a low-roughened surface (clean surface that is intentionally roughened with an amplitude of at least 3 mm (0.12 in.)) and estimates the cohesion factor as a fraction of the concrete tensile strength (fctd). In all four codes, the friction factors (µ) are the same for smooth surfaces, which are 0.6, and almost the same for high-roughened surfaces (0.9 or 1.0).




2.3. UHPC Interface Shear


Several researchers conducted experimental testing to study the interface behavior of CC–UHPC using different testing methods, mostly slant shear and L-shape push-off tests. ASTM C882/C882M [20] was utilized to conduct slant shear testing on 76 mm by 152 mm (3 in. by 6 in.) cylindrical composite specimens, with an interface plane angle of 60° with the horizontal axis, using CC [21] or mortar [22] as substrata. Different prismatic slant shear specimen dimensions were tested [23,24,25] and different interface plane angles also were investigated [24,25]. The compressive strength of CC ranged from 35.9 MPa (5.2 ksi) to 56.8 Mpa (8.24 ksi), while the UHPC ranged from 80.6 MPa (11.69 ksi) to 170.3 MPa (24.7 ksi). Several interface surface textures and treatment methods were conducted to evaluate its effect on the interface shear resistance such as as-cast, sandblasted, brushed, grooved, exposed aggregate, and shear key textures. Of those tested, the sandblasted and deep-grooved surface textures gave the highest interface shear resistance of CC–UHPC. Also, the slant shear composite specimens failed mostly in the concrete section rather than interface or UHPC section; even if interface failure happened, CC fracture was associated with it in most of the cases. The interface shear resistance generally increased with the increase in texture roughness and concrete strength [25].



L-shape push-off test is the most common method for determining the interface shear resistance between two layers of concrete. L-shape push-off tests were conducted using 300 × 640 × 150 mm (11.8 × 25.2 × 5.9 in.) specimens without interface shear reinforcement [26]. Five different surface treatments were applied to CC sections: smooth, water jet, grooved with 10 mm (0.4 in.) depth, grooved with 20 mm (0.8 in.) depth, and grooved with 30 mm (1.2 in.)) depth. The CC and UHPC achieved compressive strength of 35.9 MPa (5.2 ksi) and 200.5 MPa (29.08 ksi), respectively. Based on the results, the interface shear resistance of CC–UHPC increased with the increase in the grooved interface surface texture depth.



Feng et al. [27] conducted a single side shear test to investigate the UHPC–CC interface shear resistance using different interface shear surfaces and CC compressive strengths. Twelve groups of specimens with different surface roughening—low (as cast), medium exposed aggregate (0.64 mm (0.03 in.)), and high exposed aggregate (1.29 mm (0.05 in.))—were tested to obtain the interface shear resistance. The surface roughening is considerably lower than the common interface roughened surface, which is 6 mm (0.25 in.). The composite specimen is a 100 cm (40 in.) cube which consists of two portions: (1) the first cast is CC with different compressive strengths (50 cm (20 in.)), and (2) the second cast is UHPC with different steel fiber shapes, which is not the focus of this paper. A special steel frame, similar to the L-shape push-off test, that the composite specimen fits in was used to apply vertical load at the interface shear plane. The as-cast specimens had the failure crack at the interface plane. The other two types had the failure crack at the same location but in the CC. It was concluded that the roughness of interface surface texture significantly affects the interface resistance.



Banta (2005) [28] and Crane (2010) [29] also conducted push-off testing to evaluate the interface shear resistance of normal weight and lightweight CC cast on hardened UHPC, which is different from the case presented here, as the surface of UHPC is almost impermeable and much harder to roughen compared to the surface of CC.





3. Material Properties


A commercially available pre-bagged UHPC mix was used to conduct the experimental investigation. Straight brass-coated steel micro-fibers, 13 mm (0.5 in.) long and 0.2 mm (0.0078 in.) in diameter, with tensile strength of 2750 MPa (400 ksi), were added to the mix at a dosage of 2% by volume. The mechanical properties of UHPC mix are summarized in Table 3 including compressive, peak flexural, splitting tensile, and direct tension strengths, as well as modulus of elasticity. All the presented test results were averages of at least three specimens. Table 4 shows the mix proportions for CC used in the study, which had compressive strength, modulus of elasticity, and tensile strength of 45.5 MPa (6.6 ksi), 33 GPa (4800 ksi), and 4.1 MPa (0.6 ksi), respectively. ASTM A615 Grade 60 uncoated black steel rebars were used for all interface shear reinforcement, which had a minimum yield strength of 420 MPa (60 ksi) and minimum tensile strength of 620 MPa (90 ksi).




4. Model Development


The L-shape push-off tests were conducted to develop interface shear model for CC–UHPC when interface shear reinforcement is used with roughened surfaces. Figure 2 shows the L-shape push-off specimen dimensions, interface shear reinforcement, and two interface shear textures: 6 mm (¼ in.) deep roughening and 19 mm (3/4 in.) shear key. Three different interface reinforcement ratios (0%, 0.44%, and 0.8%) (three specimens for each) and two different surface treatments of the shear key were investigated, as cast- and aggregate-exposed. A low-slump CC mix was used for casting CC sections to allow for application of ¼ in.-deep roughening, as shown in Figure 3a. Figure 3b shows the shear key interface texture as as-cast. Also, a concrete retarder admixture was applied to the forms at the shear key to allow use of a pressure washer the day after casting to have exposed aggregate surface, as shown in Figure 3c. The CC sections of the L-shape specimens were wrapped with plastic sheets for curing after stripping the forms at 24 h. The fresh UHPC was cast vertically on top of the horizontal hardened roughened CC interface to mimic common construction practices. The UHPC forms were stripped at 24 h, and the specimens were covered with plastic sheets for curing at room temperature until the day of testing. The average compressive strengths of CC was 45.5 MPa (6.6 ksi), and of UHPC were 144 MPa (20.84 ksi) and 155 MPa (16.71) ksi for deep-grooved and shear key interface textures on the testing day, respectively. Figure 4 shows the L-shape push-off test setup and instrumentation. The relative displacement in the parallel (slip) and perpendicular (crack width) directions to the interface plane were measured using two LVDTs for each side, as shown in Figure 4. A hydraulic ram was used to load the specimens at a rate of 3.67 kN/sec (600 Ib/sec.), using a steel plate and bearing pads to evenly distribute the applied force. Specimens were labeled using the form A-B-C-D% #E, where A is the first section, B is the second section, C is surface texture, D is the interface reinforcement ratio, and E is the specimen number, as shown in Table 5.



Table 6 shows the results of testing 15 L-shape specimens in terms of maximum applied shear stress at failure and failure location. All the deep-grooved interface specimens exhibited failure in the CC section parallel to the interface plane as shown in Figure 5a. However, all the specimens with shear key interface exhibited failure at the interface plane, as shown in Figure 5b. The specimens without interface shear reinforcement exhibited brittle failure at the peak shear load, while specimens with interface shear reinforcement exhibited ductile failure due to reinforcement yielding.



Figure 6 and Figure 7 show the interface shear resistance versus slip and crack width, respectively, at the interface plane of the tested specimens. The specimens without interface shear reinforcement demonstrated sudden failure at the maximum load, as there was no means of shear transfer after cracking. However, the presence of interface shear reinforcement demonstrated significant slip and crack width values after reaching the maximum capacity due to the yielding of the shear reinforcement, which resulted in ductile behavior. Also, these plots show that the peak shear load occurred at very low slip and crack width values (less than 0.25 mm (0.01 in.)), which indicates the effectiveness of interface reinforcement in controlling the crack width and interface displacement. This is in agreement with the current code limit on the yield strength of the interface shear reinforcement to control crack width.



Figure 8 plots the L-shape test results, along with the current interface shear models and the proposed interface shear factors. The friction factor for intentionally roughened concrete surfaces is 1.0 according to ACI 318-19, AASHTO LRFD 2020, and CSA A23.3-14. Thus, the same friction factor is proposed for UHPC cast against intentionally roughened CC. A linear regression analysis was conducted on the test results to obtain the cohesion factors using friction factor of 1.0. The shear key specimens without surface preparation (CC–UHPC-K) results were excluded from model development, as it is uncommon practice to cast UHPC on CC shear key without sandblasting or exposed aggregate. The straight line that represents the lower bound of all test data was determined to have an intercept (cohesion factor) of 3.45 MPa (0.5 ksi). The proposed factor is two times higher than that of CC, which is attributed the ability of UHPC to flow and fill the grooves of the roughened CC surface resulting, in better mechanical interlock (bearing) in addition to its chemical bond (adhesion) with CC substrate.




5. Model Validation


A slant shear test was performed according to ASTM C882/C882M [20] to evaluate the interface shear resistance of CC–UHPC. Composite cylindrical specimens, which were 102 mm (4 in.) by 203 mm (8 in.), were used instead of the original 76 mm (3 in.) by 152 mm (6 in.) cylindrical specimens, to allow the use of CC substrate instead of mortar [31]. Full CC cylinders were cast, removed from molds after 24 h, and placed in a curing room for 28 days. Then, hardened CC cylinders were saw-cut diagonally, at a 60° angle with the horizontal axis, to form the CC interface surface of slant shear specimens. Three interface surface textures were applied to interface surface, as shown in Figure 9: as-cut (as cut with the wet saw and without additional treatment); shallow-grooved (average 3 mm (1/8 in.) depth); and deep-grooved (average 6 mm (1/4 in.) depth).



The CC specimens were placed back in the plastic molds, and their interface surfaces were pre-wetted directly before casting the fresh UHPC. The composite specimens were stripped out of the molds after one day and submerged in lime-saturated water at a room temperature of 23 °C (73 °F) until the day of testing. Both ends of composite specimens were mechanically ground and tested using a compression load rate of 1.33–1.78 kN/sec (300–400 lb/s) until failure, according to ASTM C39. A total of 24 slant shear specimens were tested (minimum 3 specimens for each set), wherein the UHPC compressive strength (fUHPC) ranged from 122 to 188 MPa (17.6 to 27.2 ksi) and CC compressive strength was approximately 55 MPa (8 ksi).



Different failure modes were observed for the three interface surface textures as shown in Figure 10. Specimens with as-cut surface had interface failure as shown in Figure 10a, while specimens with deep-grooved surface had fractured CC as shown in Figure 10c. Specimens with a shallow-grooved surface had interface failure accompanied with fractured CC, as shown in Figure 10b. The interface shear stress of slant shear specimens (    v   u i    ) was calculated as follows:


    v   u i   =   P   sin  ⁡    θ      /  (   A  /    cos  ⁡    θ       )    



(2)




where P is the maximum applied load, θ is interface shear angle with the horizontal axis, and A is the cross-sectional area of the cylindrical specimen. Table 7 shows the slant shear test results and the associated failure modes at different UHPC compressive strengths for each interface surface texture.



Slant shear test data collected from the literature were classified into two categories according to the interface surface texture: low-roughened and high-roughened, as shown in Table 8. Each value in this table is the average of at least three specimens. These data are used in addition to test data presented earlier to determine cohesion and friction factors for CC–UHPC. The compressive strength of CC and UHPC in this data set ranged from 635.9 MPa (5.2 ksi) to 56.8 MPa (8.24 ksi) and 80.6 MPa (11.69 ksi) to 187.4 MPa (27.2 ksi), respectively. The low values of UHPC compressive strength represent early age compressive strength on the test day. Low-roughened category includes the wire-brushed, shallow-grooved, and form liner (with depth less than 5 mm (0.20 in.)) interface surface textures. Deep-grooved, aggregate-exposed, and form liner (with depth greater than 5 mm (0.20 in.)) surface textures are included in the high-roughened category. Different specimen shapes, dimensions, and interface angles are used to calculate the interface shear resistance, as shown in Equation (1). The normal stress (σn) at the interface plane of these specimens is calculated as follows:


    σ   n   =   P   cos  ⁡    θ      /  (   A  /    cos  ⁡    θ       )    



(3)







The shear friction model was used to obtain concrete cohesion (c) and shear friction (μ) factors for each category using the following straight-line equation:


    v   n i   = c + μ ( ρ   f   y   +   σ   n   )  



(4)







Figure 11 shows the plots of average interface shear resistance (vni) and corresponding normal stress (    σ   n    ) at the interface plane for all specimens (i.e., tested by the authors and in the literature), as well as the proposed model and code provisions presented earlier. The intercept of each line in the plot represents the cohesion factor, while the slope represents the friction factor. Comparing test results to the line plots indicates that the proposed model is more accurate than the existing provisions, while still being conservative in predicting the interface shear resistance for specimens with high-roughened interface, which complies to the standards for intentionally roughened surfaces (6 mm (0.25 in.)). For specimens with a low-roughened interface, the proposed model can accurately and conservatively predict the interface shear resistance for 90% of the cases, while overestimating in 10% of cases. Therefore, it is recommended to limit the use of the proposed model to CC components with intentionally roughened interfaces with UHPC.



Figure 12 shows a plot of the average interface shear resistance grouped by UHPC compressive strength for each interface surface texture. This plot indicates that there is no significant effect of UHPC compressive strength on the interface shear resistance of CC–UHPC with shallow- and deep-grooved surface textures, as the failure occurs at the CC. However, for the as-cut surface texture, where the bond with UHPC is dominant, the interface shear resistance increases with the increase in UHPC compressive strength.



To study the effect of CC compressive strength, the slant shear data from the literature and experimental investigation were grouped into three categories of CC compressive strength: C1—less than 41 MPa (6 ksi); C2—from 41 MPa (6 ksi) to 48 MPa (7 ksi); and C3—greater than 48 MPa (7 ksi). Figure 13 shows the average interface shear resistance of the two categories in only roughened interface surface textures where CC failure occurred. This figure indicates that the interface shear resistance increases with the increase in CC compressive strength; however, this trend is not the same between the two categories. There is no significant increase in the interface shear resistance between C1 and C2, while there is a significant increase in the interface shear resistance between C2 and C3. More data are needed to determine whether this trend continues for higher compressive strength.



The effect of steel fibers on the interface shear resistance of UHPC was studied using slant shear testing of two identical groups of specimens with 6 mm (0.25 in.)-deep grooves: (a) specimens with steel fibers at a dosage of 2% by volume; and (b) specimens without steel fibers. Six specimens were tested from each group at two different CC compressive strengths. The average interface shear resistance was the same at 22.3 MPa (3.24 ksi) for both specimens with and without fibers. Also, the coefficients of variation were 5.6% and 7% for specimens with and without fibers, respectively. These values indicate that the presence of fibers does not have a significant effect on the interface shear resistance of CC–UHPC. This is mainly because steel fibers do not cross the interface plane, and failure often occurs in the weaker stratum (i.e., CC), which does not have steel fibers. However, it was observed that the specimens without fibers had slightly different failure modes, as they exhibited vertical splitting of the UHPC section in addition to the crushing of the CC section.




6. Design Example


The PCI Design Handbook (2017) example 5.3.5.1, on horizontal shear design for composite beams [32], was used to demonstrate the difference between the proposed equations and current code provisions. A 51 mm (2 in.) UHPC topping was placed on a 7.3 m (24 ft)-long inverted tee (IT) beam, as shown in Figure 14. The compressive strength of IT and UHPC topping were 34.5 MPa (5 ksi) and 124 MPa (18 ksi), respectively. The maximum interface horizontal shear force (V) was 2129 kN (478.6 kip), acting on an interface area of 0.30 m × 3.66 m (12 in. × 144 in.). The interface surface texture was high-roughened with amplitude of 6 mm (0.25 in.), and the strength-reduction factor (ϕ) was 0.75. The nominal interface shear resistance was calculated as follows:


    v   n i   =   V  /  ϕ   A   c v     = 2.55   M P a ( 0.37   k s i )  











Table 9 shows the interface shear design using the proposed model and current code provisions. Two No. 13 (#4) shear stirrups were used as interface shear reinforcement, and the spacing is predicted based on the demand. The table indicates that the proposed model results in maximum spacing between interface shear reinforcement, as the high CC–UHPC cohesion factor results in minimum reinforcement requirements. Table 9 also shows that the stirrup spacing increased by more than three times compared to ACI 318-19, Eurocode 2, and CSA A23.3-14, and 38% more than AASHTO LRFD 2020, resulting in more economical design.




7. Conclusions


In this study, the shear friction factors for the interface shear between UHPC cast on hardened CC were developed using the results of fifteen L-shape push-off tests with different reinforcement ratios and surface textures, in addition to the results of similar tests conducted in the literature. The predictions using the proposed friction and cohesion factors were compared to those of current code provisions for CC, namely, ACI 318-19 [7]; AASHTO LRFD (2020) [8]; Eurocode 2 (2004) [9]; CSA A23.3-14 [10]; and NF-P-18-710-UHPC (2016) [11]. Also, slant shear tests were conducted in addition to those available in the literature to validate the proposed factors and evaluate the effect of UHPC compressive strength, CC compressive strength, and presence of fibers on the interface shear resistance. Based on the results of the analytical and experimental investigations presented in this study, the following conclusions were drawn:




	
The interface shear resistance of CC–UHPC can be predicted using the shear friction model. However, the cohesion and friction factors stated in AASHTO LRFD 2020, Draft AASHTO 2023, ACI 318-19, Eurocode 2, and CSA A23.3-14 provisions are very conservative;



	
Interface shear resistance of CC–UHPC with surface roughening of 6 mm (1/4 in.) amplitude can be predicted using a cohesion factor of 3.45 MPa (0.50 ksi) and shear friction factor of 1.0. The shear friction factor is adopted from the current codes, and the cohesion factor is more than double the ones for conventional concrete;



	
The addition of interface shear reinforcement with ratios of 0.44%, and 0.80% resulted in higher interface shear resistance and more ductile failure compared to the specimens without interface shear reinforcement, which had brittle failure;



	
The interface shear resistance increases with the increase in UHPC compressive strength only for surfaces that are not intentionally roughened. However, for intentionally roughened surfaces, where failure occurs in CC, the interface shear resistance increases with the increase in CC compressive strength. These observations were based on the compressive strength of CC and UHPC, ranging from 35.9 MPa (5.2 ksi) to 56.8 MPa (8.24 ksi) and 80.6 MPa (11.69 ksi) to 187.4 MPa (27.2 ksi), respectively;



	
All slant shear and L-shape shear specimens with surface roughening of 6 mm (1/4 in.) amplitude exhibited CC failure, while slant shear specimens with surface roughening of 3 mm (1/8 in.) amplitude exhibited failure in both CC and interface plane;



	
The presence of fibers in UHPC does not have a significant effect on the interface shear resistance of CC–UHPC.
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Figure 1. CC–UHPC interface shear examples; (a) UHPC topping on precast CC inverted tee (IT) beam, and (b) UHPC topping on precast CC double-tee (DT) beam. 
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Figure 2. L-shape push-off specimen details and reinforcement details (in.); (a) 6 mm (0.25 in.) deep-grooved interface texture and (b) 19 mm (0.75 in.) shear key interface texture. 
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Figure 3. Interface surface roughening and reinforcement; (a) No reinforcement (left), 2leg No. 10 (#3) stirrup (middle), and 2leg No. 13 (#4) stirrup (right), (b) As-cast shear key with 2leg No. 10 (#3) stirrup, and (c) Aggregate-exposed shear key with 2leg No. 10 (#3) stirrup. 
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Figure 4. L-shape push-off test setup and reinforcement details. 
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Figure 5. Failure modes of L-shape specimens with different interface shear roughening and reinforcement ratios; (a) Deep-grooved interface specimens and (b) Shear key interface specimens. 






Figure 5. Failure modes of L-shape specimens with different interface shear roughening and reinforcement ratios; (a) Deep-grooved interface specimens and (b) Shear key interface specimens.



[image: Buildings 13 01253 g005]







[image: Buildings 13 01253 g006 550] 





Figure 6. Effect of different interface reinforcement on relative displacements between the two L-shape sections with 6 mm (0.25 in.) roughened interface surface; (a) slip, and (b) crack width. 
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Figure 7. Effect of shear key interface texture on relative displacements between the two L-shape sections; (a) slip, and (b) crack width. 
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Figure 8. L-shape push-off test results and their comparison with proposed cohesion and friction factors and code provisions. 
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Figure 9. Interface surface textures of hardened CC; (a) as-cut, (b) shallow-grooved, and (c) deep-grooved (mm (in.)). 
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Figure 10. Slant shear test failure modes; (a) interface failure, (b) interface failure and CC fracture, and (c) CC failure. 
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Figure 11. Interface shear resistance of CC–UHPC with different interface surface textures; (a) low-roughened interface and (b) high-roughened interface. 
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Figure 12. Average slant shear test results at different UHPC compressive strengths. 
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Figure 13. Average slant shear test results at different CC compressive strengths. 
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Figure 14. Design example of a CC–UHPC composite section [32]. 
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Table 1. Interface shear resistance prediction equations between fresh and hardened normal weight concrete and associated upper bounds in different code provisions.
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	Code
	Interface Shear Resistance Prediction Equation
	Interface Shear Upper Bound





	ACI 318-19 (Section 22.9.4), MPa [7]
	   ρ   f   y   ( μ   sin  ⁡  α   +   cos  ⁡  α   )   
	   ≤   3.30 + 0.08   f   c   ′     ≤ 0.20   f   c   ′   ≤ 11   



	AASHTO LRFD 9th. Ed. (Section 5.7.4.3), MPa [8]
	   c + μ     ρ f   y   +   σ   n       
	   ≤   K   1     f   c   ′   ≤   K   2     



	Eurocode 2 (Section 6.2.5), MPa [9]
	     c   ′     f   c t d   + μ   σ   n   + ρ   f   y   ( μ   sin  ⁡  α   +   cos  ⁡  α   )   
	   ≤ 0.5 υ   f   c d     

   υ = 0.6   1 −     ( f   c k    /  250 )       



	CSA A23.3-14 (Section 11.5), MPa [10]
	   λ   c + μ ( ρ   f   y     sin  ⁡  α   +   σ   n   )   + ρ   f   y     cos  ⁡  α     
	   λ   c + μ ( ρ   f   y     sin  ⁡  α   +   σ   n   )   ≤ 0.25   f   c   ′     







α is acute angle between interface shear reinforcement and interface shear plane; K1 is the fraction of concrete strength available to resist interface shear; K2 is limiting interface shear resistance (MPa);     c   ′     is a factor dependent on the roughness of the interface; fcd is the design value of concrete compressive strength (MPa); fck is the characteristic compressive cylinder strength of concrete at 28 days (MPa); fctd is the concrete design tensile strength (MPa); λ is the factor of concrete type; σn is the stress caused by the forces normal to the interface plane.













[image: Table] 





Table 2. Cohesion and friction factors for interface shear resistance between fresh and hardened normal weight concrete with different interface surface textures by different codes.
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Interface Type

	
Smooth

	
Low-Roughened Surface (an Amplitude of at Least 3 mm (0.12 in.))

	
High-Roughened Surface (an Amplitude 6 mm (0.25 in.))




	
c, MPa (ksi)

	
µ

	
c, MPa (ksi)

	
µ

	
c, MPa (ksi)

	
µ






	
ACI 318-19 (Section 22.9.4) [7]

	
-

	
0.6

	
-

	
0.6

	
-

	
1




	
AASHTO LRFD 9th Ed.

(Section 5.7.4.3) [8]

	
0.52 (0.075)

	
0.6

	
0.52 (0.075)

	
0.6

	
1.93 (0.28) *

1.65 (0.24)

	
1




	
Eurocode 2 (Section 6.2.5) [9]

	
0.20 fctd **

	
0.6

	
0.40 fctd **

	
0.7

	
0.50 fctd **

	
0.9




	
CSA A23.3-14 (Section 11.5) [10]

	
0.25 (0.036)

	
0.6

	
0.25 (0.036)

	
0.6

	
0.5 (0.073)

	
1








* in case of cast-in-place concrete slab on clean concrete girder surface. ** fctd is the design tensile strength (MPa).
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Table 3. UHPC mechanical properties at 28 days.
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	Mechanical Property
	Standard
	Specimen Type
	Specimen Dimension, mm (in.)
	Value,

MPa (ksi)





	Compressive strength
	ASTM C1856 [1]
	Cylinder
	76 × 152 (3x6)
	161 (23.3)



	Modulus of elasticity
	ASTM C469/C469M
	Cylinder
	102 × 203 (4 × 8)
	56,300 (8170)



	Peak flexural strength
	ASTM C1609/C1609M
	Prism
	76 × 76 × 346 (3 × 3 × 14)
	28 (4.05)



	Splitting tensile strength
	ASTM C496
	Cylinder
	102 × 203 (4 × 8)
	16.6 (2.4)



	Direct tensile strength
	FHWA-HRT-17-053 [30]
	Prism
	51 × 51 × 610 (2 × 2 × 24)
	11.9 (1.73)
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Table 4. Mix proportions for conventional concrete.
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	Material
	Cement (Type 1PF)
	Sand
	Coarse Aggregate *
	Water
	HRWR **
	AE ***





	Unit Weight, kg/m3 (Ib/cy)
	453 (763)
	760 (1280)
	855 (1440)
	165 (278)
	10 (5.93)
	0.08 (0.13)







* 13 mm (1/2 in.) nominal maximum aggregate size. ** High-range water reducer. *** Air-entraining admixture.
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Table 5. L-shape push-off test specimens.
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Interface Surface Texture

	
Interface Area, Acv mm2 (in.2)

	
Interface

Reinforcement

	
Interface

Reinforcement Ratio, ρ= Avf /Acv (%)

	
Label

	
CC

Compressive Strength (MPa(ksi))

	
UHPC

Compressive Strength (MPa(ksi))






	
Deep-grooved

(>6 mm (1/4 in.) depth)

	
32,258

(50)

	
None

	
0.0

	
CC–UHPC-G-0%

	
45.5 (6.60)

	
144.0 (20.84)




	
2-Leg No. 10 (#3) Stirrup

	
0.44

	
CC–UHPC-G-0.44%




	
2-Leg No. 13 (#4)

Stirrup

	
0.80

	
CC–UHPC-G-0.8%




	
As-Cast Shear Key (19 mm (3/4 in.) deep)

	
2-Leg #3 Stirrup

	
0.44

	
CC–UHPC-K-0.44%

	
115 (16.71)




	
Shear Key with Aggregate Exposed (19 mm (3/4 in.) deep)

	
2-Leg #3 Stirrup

	
0.44

	
CC–UHPC-E-0.44%
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Table 6. L-shape push-off test results.
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Specimen Label

	
Maximum Shear Stress (MPa (ksi))

	
Average Shear Stress (MPa (ksi))

	
Standard Dev. (MPa (ksi))

	
Failure Location






	
CC–UHPC-G-0% #1

	
5.66 (0.82)

	
5.79 (0.84)

	
0.93 (0.13)

	
CC




	
CC–UHPC-G-0% #2

	
6.78 (0.98)




	
CC–UHPC-G-0% #3

	
4.94 (0.72)




	
CC–UHPC-G-0.44% #1

	
9.25 (1.34)

	
8.25 (1.20)

	
1.04 (0.15)

	
CC




	
CC–UHPC-G-0.44% #2

	
7.18 (1.04)




	
CC–UHPC-G-0.44% #3

	
8.32 (1.21)




	
CC–UHPC-G-0.8% #1

	
9.12 (1.32)

	
8.78 (1.27)

	
0.31 (0.04)

	
CC




	
CC–UHPC-G-0.8% #2

	
8.67 (1.26)




	
CC–UHPC-G-0.8% #3

	
8.53 (1.24)




	
CC–UHPC-K-0.44% #1

	
5.52 (0.80)

	
5.65 (0.82)

	
0.25 (0.04)

	
Interface




	
CC–UHPC-K-0.44% #2

	
6.00 (0.87)




	
CC–UHPC-K-0.44% #3

	
5.58 (0.81)




	
CC–UHPC-E-0.44% #1

	
7.93 (1.15)

	
7.79 (1.13)

	
0.22 (0.03)

	
Interface




	
CC–UHPC-E-0.44% #2

	
7.52 (1.09)




	
CC–UHPC-E-0.44% #3

	
7.93 (1.15)
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Table 7. Slant shear test results.
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Interface Surface Texture of Hardened CC

	
fUHPC = 122 MPa

(17.7 ksi)

	
fUHPC = 161 MPa

(23.4 ksi)

	
fUHPC = 188 MPa

(27.2 ksi)




	
vni,

MPa (ksi)

	
Failure Location

	
vni,

MPa (ksi)

	
Failure Location

	
vni,

MPa (ksi)

	
Failure Location






	
As-Cut

	
23.5 (3.4)

	
Interface

	
29.4 (4.3)

	
Interface

	
28.4 (4.1)

	
Interface




	
27.0 (3.9)

	
Interface

	
28.6 (4.2)

	
Interface

	
29.2 (4.3)

	
Interface




	
23.9 (3.5)

	
Interface

	
27.1 (3.9)

	
Interface

	
30.3 (4.4)

	
Interface




	
Average

	
24.7 (3.6)

	
28.4 (4.1)

	
29.3 (4.3)




	
COV%

	
7.75

	
4.08

	
3.32




	
Shallow-Grooved

	
-

	
-

	
32.0 (4.7)

	
Interface & CC

	
30.6 (4.4)

	
Interface & CC




	
-

	
-

	
28.7 (4.2)

	
Interface & CC

	
32.3 (4.7)

	
Interface & CC




	
-

	
-

	
30.1 (4.4)

	
CC

	
28.6 (4.2)

	
CC




	
Average

	
-

	
30.3 (4.4)

	
30.5 (4.4)




	
COV%

	
-

	
5.50

	
6.05




	
Deep-Grooved

	
30.7 (4.7)

	
CC

	
31.5 (4.6)

	
CC

	
30.8 (4.5)

	
CC




	
33.6 (4.9)

	
CC

	
29.6 (4.3)

	
CC

	
32.3 (4.7)

	
CC




	
33.4 (4.8)

	
CC

	
31.3 (4.5)

	
CC

	
29.3 (4.3)

	
Interface& CC




	
Average

	
32.6 (4.7)

	
30.8 (4.5)

	
30.8 (4.5)




	
COV%

	
4.94

	
3.31

	
4.85
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Table 8. Interface surface texture categories based on the literature of CC–UHPC interface shear resistance.
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Surface Texture Category

	
Reference

	
Surface Preparation

	
fcc 

(MPa)

	
fUHPC (MPa)

	
vni (MPa)

	
σn (MPa)

	
Failure Location






	
Low-Roughened Surface

	
Harris et al., 2011 [21]

	
Wire-Brushed

	
34

	
103

	
12.53

	
7.23

	
Interface & Mortar




	
Carbonell Muñoz 2012 [24]

	
Brushed

	
45

	
105

	
16.12

	
9.34

	
CC




	
45

	
105

	
12.13

	
4.23

	
Interface




	
57

	
85

	
17.85

	
12.80

	
CC




	
56

	
81

	
15.30

	
8.41

	
CC




	
56

	
81

	
5.71

	
4.28

	
UHPC




	
46

	
81

	
5.18

	
3.71

	
UHPC




	
Tayeh et al., 2012 [23] *

	
Wire-Brushed

	
45

	
170

	
11.04

	
6.37

	
Interface & CC




	
45

	
83

	
9.90

	
5.71

	
Interface & CC




	
45

	
83

	
10.06

	
5.82

	
Interface & CC




	
Aaleti and Sritharan 2017 [25] **

	
Form Liner

(1.59 mm deep ribs)

	
36

	
124

	
15.78

	
11.85

	
Interface




	
51

	
124

	
25.06

	
18.81

	
CC




	
44

	
124

	
21.79

	
16.36

	
Interface




	
Form Liner

(1.26 mm deep broom finish)

	
36

	
124

	
12.88

	
9.67

	
Interface




	
51

	
124

	
21.86

	
16.41

	
Interface




	
44

	
124

	
17.87

	
13.42

	
Interface




	
Form Liner

(3 mm deep linear pattern)

	
36

	
124

	
18.67

	
14.02

	
CC




	
51

	
124

	
26.53

	
19.92

	
CC




	
44

	
124

	
20.50

	
15.40

	
Interface




	
High-Roughened Surface

	
Harris et al., 2011 [21]

	
Grooved

	
34

	
103

	
14.95

	
8.61

	
Mortar




	
Carbonell Muñoz 2012 [24]

	
Grooved

	
45

	
105

	
17.57

	
10.00

	
CC




	
45

	
105

	
11.23

	
4.33

	
CC




	
56

	
78

	
9.51

	
3.09

	
Interface & CC




	
Roughened

(Aggregate Exposed)

	
46

	
123

	
17.02

	
9.37

	
CC




	
46

	
123

	
12.20

	
4.26

	
CC




	
50

	
85

	
16.74

	
12.02

	
CC




	
50

	
85

	
9.65

	
3.83

	
CC




	
Tayeh et al., 2012 * [23]

	
Grooved

	
45

	
170

	
12.05

	
6.96

	
CC




	
45

	
83

	
12.02

	
6.94

	
Interface & CC




	
45

	
83

	
12.00

	
6.93

	
Interface & CC




	
Aaleti and Sritharan 2017 [25] **

	
Form Liner

(6.5 mm deep fluted ribs)

	
36

	
124

	
16.03

	
12.04

	
CC




	
51

	
124

	
25.96

	
19.49

	
CC




	
44

	
124

	
24.69

	
18.54

	
CC




	
Form Liner

(5 mm deep round flutes)

	
36

	
124

	
16.74

	
12.57

	
CC




	
51

	
124

	
24.53

	
18.42

	
CC




	
44

	
124

	
28.64

	
21.50

	
CC








* UHPC compressive strength (fUHPC) was not mentioned. An estimate of 83 MPa (12 ksi) was used for early-age compressive strength. ** fUHPC ranged from 103 to 145 MPa (15 to 21 ksi). An average of 124 MPa (18 ksi) was used. Note that 1 ksi = 6.89 MPa.
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Table 9. Design example results using the proposed equation and current codes’ provisions.
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	Code Provisions
	c,

MPa (ksi)
	µ
	µfyρ, MPa (ksi)
	Avf, mm2/m (in.2/ft)
	Spacing of 2 No. 13 (#4)

(cm (in.)) **





	Proposed Model
	3.45 (0.50)
	1.0
	-
	270 (0.13) *
	61 (24)



	ACI 318-19 (Section 22.9.4)
	-
	1.0
	2.55 (0.37)
	1656 (0.78)
	15 (5.9)



	AASHTO LRFD (Section 5.7.4.3)
	1.65 (0.24)
	1.0
	0.90 (0.13)
	583 (0.28)
	44 (17.3)



	Eurocode 2 (Section 6.2.5)
	0.73 (0.11)
	0.9
	1.81 (0.26)
	1310 (0.62)
	19 (7.5)



	CSA A23.3-14 (Section 11.5)
	0.5 (0.07)
	1.0
	2.05 (0.30)
	1331 (0.63)
	19 (7.5)







* Minimum reinforcement is used. ** These values do not consider the maximum spacing limits specified by the codes.
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