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■ Ultra-high-performance concrete (UHPC) can be 
used as stay-in-place structural forms for columns 
to retain normal-strength concrete cores, but for the 
two materials to work together effectively, they need 
to bond well at their interface.

■ The authors tested how different interface textures 
(smooth, bubbled, and corrugated) affected peak 
and residual bond strength using push-off shear 
tests.

■ Both the bubbled and corrugated surfaces bonded 
significantly better than smooth surfaces, with me-
dium-sized bubble textures performing best. Adding 
mesh reinforcement also improved bond strength.

■ The authors developed equations for predicting bond 
strength based on the interface texture, reinforce-
ment used, and NSC strength.

Ultra-high-performance concrete (UHPC) has 
become a widely favored material for strengthening 
normal-strength concrete (NSC) through column 

jacketing1–4 and for beam strengthening,5–7 bridge overlays,8 
and connections.9 For example, UHPC is used to retrofit 
columns; a UHPC jacket is poured around the NSC column, 
serving either as a repair system for damaged columns or as 
a strengthening system for increased load demand. UHPC’s 
excellence in the aforementioned applications is due to its 
superior durability10,11 and its mechanical properties that 
enhance load transfer.9,12 Furthermore, because using UHPC 
requires less concrete than conventional methods, it is cost 
efficient.5,13

UHPC’s cost-effectiveness is also generating interest for 
the construction of hybrid members. This involves creating 
a UHPC stay-in-place form, which is then filled with NSC. 
For instance, the stay-in-place form for columns is a UHPC 
tube. This method serves multiple purposes—namely, pro-
viding formwork for NSC, which accelerates construction, 
eliminates temporary formwork, boosts column strength, 
and protects the NSC core. On one hand, UHPC stay-in-
place forms cost more than conventional formwork. On the 
other hand, the forms also provide additional strength that 
is not added by conventional formwork. This could lead to 
an increase in cost-effectiveness when considering the entire 
system.

In eccentrically loaded columns or beams, the bond between 
the two concrete types plays a crucial role in enabling the 
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full composite action. Bonding mechanisms include me-
chanical interlocking, friction, and adhesion. In applications 
where UHPC is prefabricated, such as stay-in-place forms, 
mechanical interlocking can be created during fabrication. 
For example, Fakeh and Fam14 tested UHPC–NSC beams in 
flexure with either corrugated or flat interfaces. The authors 
reported that corrugated interfaces achieved a 29% increase in 
flexural capacity compared with flat interfaces. Jang et al.15 in-
vestigated the UHPC–NSC shear performance using the push-
off test method on flat panels. The tested interfaces include 
natural surfaces, prefabricated grooves, and surfaces rough-
ened using the waterjet technique. Waterjet surface-roughen-
ing significantly enhanced shear capacity, achieving a shear 
strength of 6.00 MPa (0.87 ksi), while the groove method 
reached 5.13 MPa (0.74 ksi).15 Using the same test method, 
Liu et al.16 investigated the shear performance of UHPC–NSC 
interfaces of flat panels using prefabricated UHPC bubble-tex-
tured substrates. These substrates helped the system achieve a 
maximum shear strength of up to 2.72 MPa (0.39 ksi) without 
dowel bars and up to 3.62 MPa (0.53 ksi) with dowel bars.

The very few available studies on UHPC–NSC interfacial 
bond were all conducted on flat surfaces and therefore do not 
account for the additional confinement effect encountered 
in circular interfaces. In UHPC–NSC columns, for example, 
the hoop reinforcement ratio also plays a critical role. For 
unconfined, flat interfaces, the bond between both materials is 
governed predominantly by pure shear. In contrast, when NSC 
is confined in push-off testing, a different boundary condi-
tion is introduced. Under loading, the NSC core undergoes 
dilation, which is restrained by the surrounding UHPC jacket. 

This restraint induces radial stresses at the interface, provid-
ing confinement that increases the bond strength. The current 
study is the first to address this knowledge gap. The study 
carried out push-off tests on cylindrical stubs of NSC cores 
cast in UHPC tubes. It introduced a novel corrugated interface 
and a practical, simple way to produce it in precast UHPC 
tubes, along with a bubbled interface. The bond strengths of 
these test interfaces were compared with a smooth interface as 
a control. The study evaluated the effects on bond strength of 
hoop reinforcement ratio, fiber type in UHPC, and NSC core 
strength.

Experimental program

This section outlines the test matrix and the method used 
to fabricate the specimens. It also presents the proper-
ties of the materials used and describes the test setup and 
instrumentation.

Test matrix

For each specimen, a UHPC cylinder was filled with an 
NSC core such that both materials were flush on the upper 
surface while the NSC core was 60 mm (2.4 in.) shorter at 
the bottom, which created a cavity to allow for slip (Fig. 1). 
Table 1 shows the test matrix, which contains 46 test 
specimens and 9 control specimens with a smooth interface 
from literature.17 The key parameters (Table 1) were the 
interface type between UHPC and NSC (smooth, a pattern 
of near-cylindrical recesses, longitudinal corrugations), 
reinforcement in UHPC (no mesh, 3 mm [0.12 in.] diame-

Figure 1. Details of S, B, and Z specimens with 51 × 51 mm (M2) mesh in ultra-high-performance concrete tubes. Note: ab = bub-
ble rise; az = amplitude; db = bubble diameter; dz = corrugation pitch; xb = center-to-center bubble distance. 1 mm = 0.0394 in.

S specimens B specimens Z specimens
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ter steel wire mesh with 51 × 51 mm [2 × 2 in.] openings 
or 3 mm diameter steel wire mesh with 25 × 25 mm [1 × 
1 in.] openings), and the type of fibers used in UHPC (steel 
or polyoxymethylene [POM]). Although POM fibers reduce 
the UHPC strength, they are desired for better performance 
of UHPC in fire.18 For the corrugated interface specimens, 
the NSC core design compressive strength also varied (30 or 
50 MPa [4.4 or 7.3 ksi]).

Fabrication

The stubs were fabricated by creating the UHPC tubes, which 
were cured at room temperature using moist burlap for 7 
days. This was followed by placing the NSC core. As previ-
ously described, the total height of the UHPC tubes H

t
 was 

360 mm (14.17 in.), while the height of the NSC cores was 
only 300 mm (11.81 in.), which formed an air gap of 60 mm 

Table 1. Test matrix and material properties

Specimen Number
Sample  

identification
Interface

UHPC hoop 
reinforcement 

ratio, %
Fiber type UHPC fc ,u , 

MPa (SD)
NSC fc ,n ,  
MPa (SD)

S (control)

3 S30S*

Natural flat

0

Steel

157.3 (2.6)

31.2 (0.8)3 M2-S30S* 0.41
160.4 (2.7)

3 M1-S30S* 0.82

B

1 1B30S

Spherical 
recesses 
using bubbles 
(1B/2B/3B)

0

Steel

151.3 (2.5)

30 (0.51)

2 2B30S

2 3B30S

2 M2-1B30S

0.43 to 0.52† (M2 
tube)

156.5 (2)2 M2-2B30S

2 M2-3B30S

2 M2-2B30P POM 145.3 (1.8)

2 M1-1B30S

0.87 to 1.04† (M1 
tube)

Steel 159 (1.5)2 M1-2B30S

2 M1-3B30S

2 M1-2B30P POM 145.3 (1.8)

Z

2 1Z30S

Longitudinal 
corrugations 
(1Z/2Z/3Z)

0 Steel 153.4 (1.7)

27.8 (0.9)

2 2Z30S

1 3Z30S

2 M2-1Z30S

0.42 to 0.43† (M2 
tube)

Steel 147 (4.7)
2 M2-2Z30S

2 M2-3Z30S

2 M2-1Z50S 46.5 (2.7)

2 M2-1Z30P POM 145.3 (1.8) 30 (0.51)

2 M1-1Z30S

0.84 to 0.86† (M1 
tube)

Steel 155.1 (2.1)
27.8 (0.9)2 M1-2Z30S

2 M1-3Z30S

2 M1-1Z50S 46.5 (2.7)

2 M1-1Z30P POM 145.3 (1.8) 30 (0.51)

* Data from Fakeh and Fam (2026)

† Ratio calculated using effective thickness after subtracting volume of bubbles or corrugations.

Note: fc ,n = compressive strength of NSC; fc ,u = compressive strength of UHPC

NSC = normal-strength concrete; POM = polyoxymethylene; SD = standard deviation; UHPC = ultra-high-performance concrete. 1 MPa = 0.145 ksi.



40 PCI Journal  | September–October 2026

(2.4 in.) below the core to enable slip. The UHPC wall thick-
ness within the 60 mm height was reduced by 2 mm (0.08 in.) 
to avoid friction during slip.

The smooth interface of the control specimens (S speci-
mens) was created by using cardboard tubes of two dif-
ferent sizes for fabricating the UHPC tubes. The different 
sizes created a section with inner and outer dimensions of 
146 and 216 mm (5.75 and 8.50 in.), respectively, and a 
tube thickness t

u
 of 35 mm (1.38 in.) (Fig. 1). The speci-

mens had different wire mesh hoop reinforcement ratios 
ρ

c,uh
 (0%, 0.41%, and 0.82%) in the UHPC jacket. The 

hoop reinforcement ratios are based on the commercially 
available mesh sizes while ensuring flowability of fresh 
UHPC. Based on preliminary casting trials, reinforcement 
ratios exceeding 0.82% resulted in noticeable reductions in 
workability and difficulties in achieving proper placement, 
while ratios below 0.41% were considered insufficient to 
produce enough confinement.

The near-cylindrical recess pattern (bubbled textured) test 
specimens (B specimens) were created by wrapping bub-
ble-wrap sheets (in three sizes) around the inner cardboard 
tube of the same size as the control S specimens (Fig. 2). 
While slight variations in bubble size may occur due to the 
fragility of the Bubble Wrap, these differences were consid-
ered negligible and unlikely to affect the consistency of the 
surface indentations or the overall results.

Table 2 shows the dimensions (parameters) of each textured 
interface. For B specimens, these are bubble diameter d

b
, 

bubble rise a
b
, and center-to-center bubble distance x

b
 (Fig. 1). 

Bubble diameter d
b
 (the main identifier used in the study) was 

10 mm (0.39 in.) (Type 1B), 25 mm (1.0 in.) (Type 2B), and 
30 mm (1.18 in.) (Type 3B), where the corresponding bubble 
rise a

b
 was 4, 8, and 13 mm (0.16, 0.31, and 0.51 in.), respec-

tively. The three specimen types were created with ρ
c,uh

 in the 
UHPC tube of 0%, 0.43% to 0.52% (M2 jacket), and 0.87% to 
1.04% (M1 jacket). The ρ

c,uh
 range is due to the variations in 

jacket thickness from the bubbles; however, the mesh size was 
identical for all bubble sizes. The ρ

c,uh
 were calculated using 

a UHPC equivalent thickness t
e
 after removing the bubble 

volume. For the 2B specimens, the fibers varied between steel 
and POM in the UHPC tubes with M2 and M1 configurations. 
Figure 2 shows the fabricated specimens, where the inner 
surface of the UHPC jacket reflects the shape of the Bubble 
Wrap, after the wraps have been removed.

The longitudinal corrugation patterns (Z specimens) were 
created using plastic flexible corrugated tubes. Three different 
pitches were created by stretching the flexible tube to different 
levels (Fig. 2). The flexible tubes, nearly 0.5 mm (0.02 in.) 
thick, were slipped around the inner cardboard tube to gain 
rigidity. Two parameters were used to define corrugations: 
corrugation pitch d

z
, which is the main identifier for the Z 

specimens, and amplitude a
z
 (Fig. 1). The d

z
 values were 

6 mm (0.24 in.) (Type 1Z), 10 mm (0.39 in.) (Type 2Z) and 

Figure 2. Fabrication of textured interface with inner core of B specimens, fabricated B specimen tubes, inner core of Z speci-
mens, and fabricated Z specimen tubes.

Inner core of B specimens Fabricated B specimen tubes

Inner core of Z specimens Fabricated Z specimen tubes
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15 mm (0.59 in.) (Type 3Z), which correspond to a
z
 values 

of 7, 5, and 3 mm (0.28, 0.20, and 0.12 in.), respectively. The 
three specimens with profile variations were created with ρ

c,uh
 

in UHPC of 0%, 0.42% to 0.43% (M2 jacket), and 0.84% to 
0.86% (M1 jacket). Similarly, the reinforcement range arises 
from reductions in tube thickness due to corrugations. Two 
separate variations were made from 1Z specimens with M2 
and M1 UHPC tubes: the first replaced steel fibers with POM 
and the second increased NSC compressive strength from 
30 to 50 MPa (4.4 to 7.3 ksi). Figure 2 shows the completed 
UHPC tubes with each corrugation level. The corrugated 
tubes were left inside.

Material properties

UHPC and NSC To fabricate the UHPC tubes, eight UHPC 
pours with steel fibers were produced using a commercial-
ly available UHPC mixture with 2% fibers by volume. The 
steel fibers were 0.2 mm (0.008 in.) in diameter and 13 mm 
(0.51 in.) long. In addition, one pour was produced with 2% 
POM fibers with dimensions of 0.2 × 12 mm (0.47 in.). The 
steel fibers have a reported tensile strength of 2850 MPa 
(413 ksi), whereas the POM fibers have a reported tensile 
strength of 950 MPa (138 ksi). All UHPC batches were 

produced using a heavy-duty vertical shaft paddle mixer. The 
four NSC mixtures were produced using a high-capacity por-
table mixer. The mixture proportions used for both UHPC and 
NSC are given in Table 3.

Compressive strength was measured for UHPC and NSC in ac-
cordance with ASTM C39,19 using three specimens from each 
placement. The compressive strength was measured using a 
compressometer equipped with an attached linear potentiometer 
to record axial deformation during testing. The device was fixed 
to the specimen over a defined gauge length, enabling accurate 
measurement of strain and corresponding stress–strain response 
(Fig. 3). Table 1 shows the average compressive strengths ′fc  
for UHPC and NSC for all placements in addition to the stan-
dard deviations. The average ′fc  ranged from 145 to 160 MPa 
(21.0 to 23.2 ksi) for UHPC and 28 to 31 MPa (4.1 to 4.5 ksi) 
for NSC of 30 MPa (4.4 ksi) design strength, and 46.5 MPa 
(6.74 ksi) for NSC of 50 MPa (7.3 ksi) design strength.

Steel mesh Steel wire mesh coupons were tested to evaluate 
the modulus of elasticity E

s
, yield stress f

y
, and tensile strength 

f
u
. Figure 3 shows a representative stress–strain curve of the 

steel mesh. The average values were 199 GPa (28,900 ksi) for 
E

s
, 562 MPa (82 ksi) for f

y
, and 632 MPa (92 ksi) for f

u
.

Table 2. Geometric properties of the test interfaces used in this study

B specimens (bubbles) Z specimens (corrugations)

Type,  
number

xb, mm db, mm ab, mm

Vb

As ,  
mm3/mm2

Type,  
number

dz, mm az, mm

Vb

As ,  
mm3/mm2

1B 12 10 4 2.57 1Z 6 7 2.33

2B 29.5 25 8 5.14 2Z 10 5 2.00

3B 32.5 30 13 8.01 3Z 15 3 1.30

Note: ab = bubble rise; az = amplitude; As = interface surface area; db = bubble diameter; dz = corrugation pitch; Vb = volume of bubbles; xb = cen-

ter-to-center bubble distance. 1 mm = 0.0394 in; 1 mm2 = 0.00155 in.2; 1 mm3 = 0.00006102 in.3

Table 3. Ultra-high-performance concrete (UHPC) and normal-strength concrete (NSC) mixture components

Batch UHPC NSC (30 MPa strength) NSC (50 MPa strength)

Mixture components

Cement

Water

Sand

Silica

Quicklime

Fibers*

Liquid NiCal

Aluminum Oxide

Cement: 385 kg/m3

Water: 218 kg/m3

w/c: 0.57

Sand: 661 kg/m3

Gravel: 1072 kg/m3

(maximum size: 9.5 mm)

Cement: 418 kg/m3

Water: 217 kg/m3

w/c: 0.52

Sand: 692 kg/m3

Gravel: 1121 kg/m3

(maximum size: 9.5 mm)

*Steel fibers: 0.2 mm in diameter × 13 mm long; POM fibers: 0.2 × 12 mm.

Note: POM = polyoxymethylene; w/c = water-cement ratio. 1 mm = 0.0394 in.; 1 kg/m3 = 1.6875 lb/yd3.
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Test setup

In push-out tests, the UHPC tube was supported at the bottom 
on the machine base and concentric axial loading was applied 
at the top on the NSC core using a circular steel plate slight-
ly smaller than the NSC core diameter (Fig. 4). A spherical 
head attached to the testing machine applied loading at a rate 
of 0.6 mm (0.02 in.) per minute. To monitor slip, three linear 
potentiometers were installed: one was mounted on the loading 

plate and measured against a metal bracket glued to the top of 
the UHPC tube to measure slip on one side of the specimen; two 
linear potentiometers were mounted to the base of the machine 
on the other side and measured against a metal bracket glued to 
the top of the UHPC tube and against the loading plate, respec-
tively, such that the difference was the slip on the other side. 
The average of the two slip measurements at the diametrically 
opposite points represented slip at the center. The bond stress τ 
was calculated from applied load P as presented in Eq. (1):

Figure 3. Stress–strain responses for concrete cylinders and steel mesh. Note: NSC = normal-strength concrete; UHPC = 
ultra-high-performance concrete. 1 MPa = 0.145 ksi.

Concrete cylinders Steel mesh

Figure 4. Push-out test setup. Note: LP = linear potentiometer; NSC = normal-strength concrete; SIPF = stay-in-place form; 
UHPC = ultra-high-performance concrete.
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	 τ = P
πDi Hb − S( ) 	 (1)

where

D
i
	 = inside diameter of ultra-high-performance concrete 

tube

S	 = slip

H
b
	 = bonded region height

Experimental results

The following sections present results of the experimental 
program and failure modes, including bond-slip responses. 
Table 4 summarizes key results for the two interface types, 
namely peak bond strength τ

u
, residual bond strength τ

r
, slip 

Table 4. Summary of test results

Specimen Sample code τu, MPa
τu, % increase  

compared with  
reference specimens

τr , MPa Su, mm
Failure mode 

(behavior type*)

S (control)

S30S 2.03 Reference (no mesh) 1.73 1.57 S

M2-S30S 2.00 Reference (M2) 1.83 2.01 S

M1-S30S 2.24 Reference (M1) 1.74 0.24 S

B

1B30S 2.97 +47 0.49 0.60 SP-N (A)

2B30S 3.80 +88 0.13 0.21 SP-N (A)

3B30S 2.61 +29 0.05 0.50 SP-N (A)

M2-1B30S 4.40 +120 1.76 0.75 SP-N (A)

M2-2B30S 4.24 +112 0.22 0.59 SP-N (A)

M2-3B30S 4.28 +113 0.23 0.78 SP-N (A)

M2-2B30P† 3.13 n/a 1.16 0.56 SP-N (A)

M1-1B30S 4.28 +91 1.94 0.45 SP-N (A)

M1-2B30S 4.90 +119 0.37 0.76 SP-N (A)

M1-3B30S 4.82 +115 0.31 1.01 SP-N (A)

M1-2B30P 3.87 n/a 1.32 1.05 SP-N (A)

Z

1Z30S 2.84 +40 0.97 2.7 SP-NU (C)

2Z30S 2.92 +44 0.2 2.8 SP-N (C)

3Z30S 2.12 +4.7 0.9 1.2 SP-S (D)

M2-1Z30S 2.91 +45 0.35 1.8 SP-NU (D)

M2-2Z30S 3.41 +70 0.9 2.2 SP-N (C)

M2-3Z30S 2.81 +40 0.23 1.2 SP-S (D)

M2-1Z50S 3.55 n/a n/a 2.3 SP-NU (D)

M2-1Z30P 1.55 n/a 1.00 13.4 S-NU (B)

M1-1Z30S 3.27 +46 0.65 2.4 SP-NU (D)

M1-2Z30S† 3.68 +64 0.51 2.4 SP-N (D)

M1-3Z30S 3.99 +78 0.31 2.2 SP-N (C)

M1-1Z50S 3.86 n/a n/a 2.1 SP-NU (D)

M1-1Z30P† 2.08 n/a 1.32 12.8 S-NU (B)

*Behavior type as defined in Fig. 7.

†One of the two specimens were defective during fabrication.

Note: n/a = not applicable; NSC = normal-strength concrete; S = slippage of NSC core, with microcracks in UHPC jacket; SP-N = slippage of NSC core, 

splitting of the UHPC jacket, in addition to NSC shearing; SP-NU = slippage of NSC core, splitting of the UHPC jacket, in addition to a mix of NSC and UHPC 

shearing; SP-S = slippage of NSC core, with splitting of the UHPC jacket; UHPC = ultra-high-performance concrete. 1 mm = 0.0394 in.; 1 MPa = 0.145 ksi.
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at peak bond strength S
u
, failure modes, type of bond-slip 

response, and percentage increase in τ
u
 relative to control 

specimens.

Results: B specimens

Failure modes  Figure 5 presents the observed representa-
tive failure modes for B specimens with M2 reinforcement, 

which are the same for specimens with no mesh or with 
M1 reinforcement. All B specimens exhibited a consistent 
failure pattern, identified as SP-N (Fig. 6). The primary 
feature of this mode was the longitudinal splitting of UHPC 
tubes due to the shearing of the near-cylindrical protrusions 
of the NSC core that filled the recesses formed in the UHPC 
tube by the Bubble Wrap (Fig. 6). Sliding of the round pro-
trusions before shearing produced vertical slip and exerted 

Figure 5. Failure mode of B specimens with M2 jacket. Note: POM = polyoxymethylene. 1 mm = 0.0394 in.

30 mm bubbles 
(steel fibers)

25 mm bubbles 
(steel fibers)

10 mm bubbles 
(steel fibers)

25 mm bubbles 
(POM fibers)

Figure 6. B specimens failure mode SP-N with splitting of the ultra-high-performance concrete tube and shearing of the nor-
mal-strength concrete bubbles shown at the splitting plane, interface, and opposite side of the splitting plane. Note: NSC = 
normal-strength concrete; UHPC = ultra-high-performance concrete.

Splitting plane Interface Opposite side of the splitting plane
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radial pressure that caused hoop tensile stress and splitting 
of the UHPC tube at one location. In the prepeak region, this 
slip was resisted by the circumferential tensile capacity of 
the UHPC.

In a previous study, the authors reported a circumferential 
tensile strength of up to 8.25 MPa (1.2 ksi) for steel fiber–re-
inforced UHPC rings extracted from tubes similar to those 
investigated in this study.20 Splitting initiated once the induced 
hoop tensile stresses exceeded this first-cracking tensile 
capacity, after which the crack propagated as the UHPC 
transitioned into the localization phase of its tensile response, 
resulting in longitudinal splitting of the UHPC tube. During 
postpeak loading, the UHPC tube on the opposite side of the 
splitting crack experienced a localized bending crack because 
of the tube opening (Fig. 6).

The extent of splitting failure was found to be strongly 
correlated to the size of the bubbles and the mesh size in the 
jacket. For instance, specimens with smaller bubbles (1B) 
exhibited only partial splitting and the UHPC tube remained 
largely intact. This can be attributed to the smaller reduction 
in UHPC tube thickness, together with the smaller bearing 
against the tube, compared with specimens with larger 
bubbles (2B and 3B), which experienced full split at peak 
load, including the rupture of steel mesh. For 2B specimens 
with POM fibers, the tube cracked fully, but the mesh re-
mained intact (Fig. 5).

Bond-slip response  Figure 7 shows an idealized bond-slip 
response of all B specimens, referred to as Type A (see the 
“Failure mode (behavior type)” column in Table 4). Figure 8 
shows the experimental bond-slip responses for the three 

Figure 7. Typical bond-slip responses of B specimens and Z specimens. Note: 1 mm = 0.0394 in.; 1 MPa = 0.145 ksi.

B specimens Z specimens

Figure 8. Bond-slip responses of B specimens with unreinforced tube, M2 tube, and M1 tube. Note: 1 mm = 0.0394 in.; 1 MPa = 
0.145 ksi.

Unreinforced tube M2 tube M1 tube
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bubble sizes and different mesh reinforcement ratios, and 
Fig. 9 shows the effect of changing fiber type for specimen 
Type 2B on the response. The bond-slip behavior of the B 
specimens with steel-fiber UHPC tubes exhibited the follow-
ing behaviors:

From the origin to point n (as labeled in Fig. 7), the specimens 
exhibited an initial linear relationship with a few vertical 
hairline cracks developing around the UHPC tube. This phase, 
between the start of the test until its peak, was governed 
primarily by mechanical interlocking through the textured 
interface and, to a minor extent, by adhesion.

At peak, the bubble protrusions experienced shearing, which 
prompted slippage and splitting of the tube due to fiber 
pullout and mesh rupture. In the 1B specimens, the tube expe-
rienced partial splitting, where steel fibers and mesh contin-
ued to bridge the crack.

Beyond point n, the response transitioned into a softening 
phase, where bond stress rapidly decreased with slip. This 
postpeak behavior reflected the loss of interfacial shear 
resistance due to mechanical interlocking and progressive 
splitting of the UHPC. The bond became governed primarily 
by friction enabled by some confinement from the remaining 
hoop stiffness of the tube (if not fully split [Fig. 5]) or by its 
bending stiffness (if fully split [Fig. 5 and 6]). Ultimately, 
bond stress stabilized at a residual value.

Peak bond strength  Figure 10 shows the effects of ρ
c,uh

 
and d

b
 in the UHPC tube on τ

u
. For test specimen 1B (unrein-

forced), τ
u
 increased by 47% compared with the unreinforced 

S specimen (control). Including the M2 and M1 meshes (ρ
c,uh

 
= 0.43% and 0.87% reinforcement, respectively) increased τ

u
 

by 120% and 91%, respectively, relative to their S specimen 
counterparts.

The 2B specimens showed the highest improvements of τ
u
 

with 88%, 112%, and 119% increases over their S specimen 
counterparts with no mesh, M2 mesh, and M1 mesh, respec-
tively. The 2B specimens were fabricated using POM fibers. 
For the same tube ρ

c,uh
 of 0.46% and 0.93%, τ

u
 decreased by 

26% and 21%, respectively, compared with the corresponding 
2B specimen with steel fibers. This comparison highlights the 
superiority of steel fibers in enhancing bond performance by 
increasing UHPC tensile strength. For the 3B specimens, τ

u
 

increased by only 29%, 113%, and 115% (no mesh, M2 mesh, 
and M1 mesh, respectively) compared with their S specimen 
counterparts.

These results show that both bubble size and ρ
c,uh

 in the 
UHPC tube affect τ

u
. Figure 11 plots this triaxial relation-

ship. Liu et al.16 recommended Eq. (2) for shear/bond strength 
τ

uo
 of a flat (unconfined) bubble-textured interface, which 

neglects the effect of confinement and adhesion. Their recom-
mendation was based on UHPC–NSC push-off tests conduct-
ed on bubble-textured UHPC substrates with NSC placed 
after UHPC and vice versa, all without confinement.16 To 
incorporate the effects of confinement due to curvature and 
hoop reinforcement, Eq. (3) introduces confinement factor 
K

b
, which is obtained from fitting the triaxial data in Fig. 11 

(Eq. [4]); in all cases, K
b
 surpassed 1.0. Shear/bond strength 

is sometimes related directly to the compressive strength of 
the weaker NSC ′fc,n ; however, the strength value in this study 
is dependent on many variables: d

b
, a

b
, first cracking strength 

of UHPC (a function of fc,u ), outer diameter-to-equivalent 
thickness ratio D

o
/t

e
, and the tube’s ρ

c,uh
. It is worth noting 

that previous studies have used the term fc,u  to estimate the 
first cracking strength21 and tensile strength20 of UHPC. To 
capture all of the aforementioned parameters, Eq. (2) includes 
d

b
 and ′fc,n . Equation (4) includes the remaining parameters. 

Figure 11 shows that nearly all experimental values lie within 
the ±15% bounds, indicating very good predictive capability.

Figure 9. Effect of fiber type on bond-slip of 2B specimens with M2 reinforced tube and M1 tube. Note: POM = polyoxymethy-
lene. 1 mm = 0.0394 in.; 1 MPa = 0.145 ksi.

M2 reinforced tube M1 tube
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Figure 10. Effect of hoop reinforcement ratio and bubble diameter db on peak bond strength τu and on residual strength τr in 
B specimens. Note: POM = polyoxymethylene. 1 mm = 0.0394 in.; 1 MPa = 0.145 ksi.

Peak bond strength

Residual strength

Figure 11. Effect of bubble size and hoop reinforcement on peak bond strength three-dimensional fitting and verification. Notes: 
ab = bubble rise; Do/te = outer diameter-to-equivalent thickness ratio; fc ,u = compressive strength of UHPC; ρc,uh = hoop reinforce-
ment ratio; τu = peak bond strength; τuo = reference shear/bond strength. 1 MPa = 0.145 ksi.

Three-dimensional fitting Verification
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	 τ uo = 0.15 ′fc,n
Ab,t
As

	 (2)

where

′fc,n 	 = compressive strength of NSC

A
b,t

	 = bubble area at shear level

A
s
	 = interface surface area

	 τu = Kbτuo	 (3)

Kb = ′fc,u 0.09ρc,uhab
Do
te

− 93ρc,uh
2 + 0.094

⎛

⎝⎜
⎞

⎠⎟
;R2 = 0.85      (4)

where

′fc,u 	 = compressive strength of UHPC

Residual bond strength Figure 10 illustrates the influence 
of ρ

c,uh
 on τ

r
. In general, τ

r
 increased with ρ

c,uh
. This enhancement 

can be attributed to the improved residual hoop tensile capacity 

and frictional resistance mobilized after τ
u
, owing to the presence 

of the wire mesh. As Fig. 10 also shows, increasing d
b
 resulted 

in a reduction of τ
r
. This trend is primarily associated with the 

reduced hoop tensile capacity after peak bond, which decreases 
as the UHPC at the splitting area becomes thinner. However, τ

r
 is 

almost always lower in the control (with a smooth interface).

For 1B specimens, the UHPC jacket exhibited splitting, with 
no evidence of mesh rupture, which resulted in higher τ

r
 of 

0.49 to 1.94 MPa (0.07 to 0.28 ksi), directly proportional 
to ρ

c,uh
. For larger bubbles (2B and 3B), τ

r
 approached zero, 

showing only a slight increase with ρ
c,uh

. This is attributed to 
rupture of the wire mesh at the peak load, leaving less friction 
between the sheared NSC bubbles. For 2B specimens with 
POM fibers, the tube exhibited partial splitting, comparable 
with that observed in the 1B steel-fiber specimens.

Results: Z specimens

Failure modes  Figure 12 illustrates the failure modes of 
Z specimens, which are also listed in Table 4. The first term 
of the failure mode code indicates the UHPC tube failure 

Figure 12. Failure modes of Z specimens.

SP-NU S-NU SP-N SP-SSP-NU 
(higher core strength)
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condition, while the second term indicates interface condition. 
Unlike B specimens, Z specimens exhibited five different 
failure modes, which depend mainly on corrugation pitch d

z
.

Regardless of UHPC reinforcement level, specimens with 
6 mm (0.24 in.) d

z
 (1Z specimens) with steel fibers exhibited 

failure mode SP-NU (Fig. 12), characterized by splitting of the 
UHPC tube (SP), accompanied by mixed shearing of NSC (N) 
and UHPC (U) circular ribs at the interface due to their small 
pitch. NSC shearing was visible at the top, while UHPC shear-
ing was visible both at the top and through the splitting crack. 
Horák et al.22 evaluated the bond between NSC and UHPC with 
cone-shaped keys, which demonstrated a similar failure mode 
with combination shearing of NSC and UHPC cones.

For 1Z specimens with higher NSC strength (46.5 MPa 
[6.74 ksi]), the specimens experienced the same failure mode; 
however, the top slip was much less and did not progress 
further after peak (Fig. 12). In addition, the UHPC splitting 
was not full. The same specimen type, but with POM fibers 
in the UHPC, experienced a similar failure mode S-NU 
(Fig. 12). The core slipped (S) without the jacket splitting but 
experienced multiple uniformly distributed horizontal and 
vertical hairline cracks on the outer surface.

Specimens with 10 mm (0.39 in.) d
z
 (2Z specimens) exhibited 

a similar failure mode as B specimens in that shear resis-
tance was carried by the NSC ribs. The failure mode SP-N is 
described by splitting of UHPC tube (SP) accompanied by 
shearing of the NSC (N) ribs (Fig. 12).

Specimens with 15 mm (0.59 in.) d
z
 and no hoop or M2 mesh 

reinforcement (3Z specimens) exhibited a slightly different 
failure mode SP-S, characterized by splitting of UHPC tube 
(SP) with slippage of the NSC core, where the NSC ribs 
slipped (S) over the UHPC ribs without shearing of any of 
the ribs (Fig. 12). This behavior is attributed to the large d

z
 

with small amplitude a
z
, which led to a reduced shear transfer 

ability because of the shallow interlocking. In specimens 3Z 
with M1 tubes, failure mode was SP-N, where hoop tensile 
capacity increased, preventing core slippage and causing a 
failure with shearing of NSC ribs and tube splitting.

Bond-slip response Figure 7 shows the three types (B, C, 
and D) of bond-slip behaviors exhibited by the Z specimens. 
Figures 13 and 14 present the Z specimens’ three types of 
bond-slip responses. Type B, observed in specimens with 
POM fibers, is characterized by a linear increase in bond 
stress up to point m, governed by mechanical interlock. 
Beyond point m, the bond stress oscillated toward a peak and 
then declined (Fig. 7). Each drop corresponded to the for-
mation of several hairline vertical cracks in the UHPC tube 
followed by a subsequent recovery in bond stress.

Response Types C and D exhibited patterns similar to pattern 
A but differed in their prepeak behaviors. The following be-
haviors characterized response Type C:

•	 The specimens exhibited a linear relation from the origin 
up to point m with no noticeable separation at the top but 
multiple hairline cracks on the UHPC surface. Bond in 
this stage was governed by mechanical interlock.

•	 At point m, visible slip and separation were observed at 
the top as the NSC core began to detach from the UHPC 
tube while the ribs were still interlocked. This separation 
coincided with the appearance of a vertical fine crack.

•	 Between points m and n, the NSC core continued to slip 
while bond stress increased at a reduced stiffness to τ

u
. 

Beyond point n, bond stress dropped sharply because of 
the ribs shearing until stabilizing at τ

r
 (Fig. 7). At this 

stage, mechanical interlocking was replaced by friction 
along the broken ribs.

Figure 13. Bond-slip responses of Z specimens with unreinforced tube, M2 tube, and M1 tube. Notes: 1 mm = 0.0394 in.; 1 MPa = 
0.145 ksi.

Unreinforced tube M2 tube M1 tube
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Type D differed from Type C primarily between points m 
and n, where the transition was more gradual, and no distinct 
prepeak cracking occurred other than hairline cracks.

Specimens 1Z exhibited Type C behavior when the tube 
contained no wire mesh and Type D when the mesh was 
introduced, regardless of ρ

c,uh
, because of the increased hoop 

strength, which prevented prepeak splitting. Specimens 2Z 
without mesh and with M2 reinforcement displayed Type C 
behavior; the tube cracked slightly near the peak load. When 
M1 with higher ρ

c,uh
 was used, Type D behavior was observed 

and the enhanced hoop stiffness prevented premature crack-
ing, similar to 1Z specimens. Specimens 3Z exhibited Type D 
behavior for specimens with no mesh and with M2 reinforce-
ment because they failed at the first cracking with no further 
shear capacity from the ribs. For the case of the M1 tube, 
behavior was Type C; the tube cracked slightly but continued 
to carry load.

Peak bond strength  The corrugation pitch d
z
 directly in-

fluenced the extent of mechanical interlock and shear transfer, 
establishing a clear proportional relationship between d

z
 and 

peak bond strength τ
u
. Figure 15 shows the effects of ρ

c,uh
 

and d
z
 on τ

u
. Generally, τ

u
 increased with ρ

c,uh
 but at varying 

degrees and rates. It is worth noting that specimens with M1 
reinforcement exhibited a nearly linear increase in τ

u
 with in-

creasing d
z
 because of the same failure mode observed across 

all M1 specimens with steel fibers. 

Compared with the smooth interface (S specimens), the 
incorporation of corrugations at the UHPC–NSC interface led 
to notable increases in τ

u
. For the 1Z specimens without mesh 

reinforcement, with M2 mesh, and with M1 mesh, average 
τ

u
 were 2.84, 2.91, and 3.27 MPa (0.41, 0.42, and 0.47 ksi), 

representing increases of 40%, 45%, and 46%, respectively.

The 2Z specimens exhibited the greatest combined enhance-
ments in τ

u
, with average values of 2.92, 3.41, and 3.68 MPa 

(0.42, 0.49, and 0.53 ksi), corresponding to increases of 
44%, 70%, and 64% relative to their smooth-interface coun-
terparts with no mesh, M2 mesh, and M1 mesh, respectively.

On the other hand, 3Z specimens, characterized by the largest 
d

z
 and smallest a

z
, reached average τ

u
 values of 2.12, 2.81, 

and 3.99 MPa (0.31, 0.41, and 0.58 ksi) with no mesh, M2 
mesh, and M1 mesh, respectively. This represents significant 
increases of 4.7%, 40%, and 78% in τ

u
 compared with the 

respective S specimens. The smaller improvements in the 
specimens with no mesh and M2 jackets can be attributed to 
their distinct failure modes where NSC cores experienced 
slippage, triggering splitting of the UHPC tube before the 
corrugation could mobilize its shear resistance (Fig. 12). 
Consequently, the tube’s hoop strength was the governing 
contributor, as opposed to both the hoop strength and shear 
capacity of the ribs. In contrast, the 3Z specimens with M1 
jacket exhibited a different behavior; under stronger confine-
ment, the large corrugations developed shear resistance as the 
NSC ribs sheared rather than slipped against the UHPC ribs. 
This more-favorable failure mechanism enabled full mechan-
ical interlock, resulting in the highest increase in τ

u
 (78%) 

among all Z specimens.

The 1Z specimens incorporating POM fibers or a high-
er-strength NSC core (46.5 MPa [6.74 ksi]) exhibited trends 
parallel to those of the 1Z specimens with steel fibers and 
30 MPa (4.4 ksi) NSC, as shown in Fig. 15 but with different 
bond strengths. The POM fiber specimens showed average τ

u
 

values of 1.55 and 2.08 MPa (0.22 and 0.30 ksi) with M2 and 
M1 reinforcements, respectively—a decrease in τ

u
 of 47% 

and 36%, respectively, relative to the steel-fiber counterparts. 
On the other hand, the average τ

u
 values of specimens with 

Figure 14. Bond-slip responses of 1Z specimens with M2 and M1 tubes. Note: POM = polyoxymethylene. 1 mm = 0.0394 in.; 
1 MPa = 0.145 ksi.

M2 tube M1 tube
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the higher-strength NSC core and steel fibers were 3.55 and 
3.86 MPa (0.51 and 0.56 ksi), corresponding to an increase of 
22% and 18%, respectively, compared with a similar speci-
men type with 30 MPa core strength.

Residual bond strength  Figure 15 also shows the effect 
of ρ

c,uh
 on τ

r
. No clear trend is observed because the spec-

imens exhibited different failure modes and bond-slip 
responses. Similarly, no clear trend emerges of the effect 
of d

z
 on τ

r
, except for the M1 specimens as they all share a 

consistent failure mode and comparable bond-slip behavior. 
For these specimens, τ

r
 decreases slightly, from 0.65 to 0.31 

MPa (0.09 to 0.04 ksi), with d
z
 increasing from 6 to 15 mm 

(0.24 to 0.59 in.).

Comparison of bubbled  
and corrugated interfaces

Peak bond strength  Figure 16 shows a comparison of τ
u
 

values between all B specimens, Z specimens, and S speci-
mens. The figure highlights that ρ

c,uh
 affects τ

u
 more signifi-

cantly with deformed interfaces (both bubbles and corruga-
tions) than with a smooth interface because of the induced 

internal radial pressure associated with mechanical interlock. 
The figure also shows that bubble-textured interfaces per-
formed better than corrugated ones, with higher τ

u
 for both 

steel and POM fibers (up to 120% compared with 78% for the 
same hoop reinforcement). This increase is likely due to the 
larger overall volume of bubble deformations per unit area: 
2.6 to 8.0 mm3/mm2 (0.10 to 0.31 in.3/in.2) for bubbles com-
pared with only 1.3 to 2.3 mm3/mm2 (0.05 to 0.09 in.3/in.2) for 
corrugations (Table 2).

Bond-slip response  For the B specimens, the bond-slip 
curve remains linear up to the peak, followed by a sharp drop 
corresponding to adhesion loss and UHPC splitting. In contrast, 
the Z specimens deviate from linearity before the peak and 
exhibit a plateau at the peak, reflecting the gradual engagement 
of corrugations. Table 4 presents the slip at peak S

u
 values, 

which are consistently higher for specimens exhibiting Type D 
behavior than for Type A. This suggests that a corrugated 
interface allows additional slip before full bond failure. Figure 
16 shows the range of S

u
 values among all steel-fiber specimens 

for both B and Z specimens. The S
u
 for Z specimens ranges 

from 1.2 to 2.8 mm (0.05 to 0.11 in.) for steel-fiber specimens 
and up to 13.4 mm (0.53 in.) for POM, and for B specimens 

Figure 15. Effect of hoop reinforcement ratio and corrugation pitch on peak bond strength τu and on residual strength τr in Z 
specimens. Note: POM = polyoxymethylene. 1 mm = 0.0394 in.; 1 MPa = 0.145 ksi.

Peak bond strength

Residual strength
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from 0.21 to 1.01 mm (0.01 to 0.04 in.) for steel fibers and up 
to 1.05 mm (0.04 in.) for POM. This is attributed to the brittle 
sudden bond failure of the B specimens.

General model

Equations (2) through (4) present a model for peak bond 
strength specifically for bubbled textures, building on the 
equation recommended by Liu et al.16 In this section, the com-
bined data of both surface deformations are used to develop a 
general model for both bubble-textured and corrugated inter-
faces of UHPC tubes with steel fibers, as given by Eq. (5):

	
τ u
′fc,n

= 1.02+ 20.4ρc,uh − 0.013 t − a( ) − 0.15 a
s

⎛
⎝⎜

⎞
⎠⎟

	 (5)

where

t	 = total wall thickness

a	 = protrusion of the deformation = a
b
 for bubbles and 

a
z
 for corrugation

s	 = spacing of deformation = x
b
 for bubbles and d

z
 for 

corrugations

Figure 17 shows the performance of this equation against the 
experimental results, where most of the data fit within ±20% 
margins.

Conclusion

This study investigated the bond performance between prefab-
ricated UHPC tubes and NSC cores for composite columns. 

Two interface types were examined: bubble textured (B spec-
imens) and corrugated (Z specimens). Both were compared 
with control specimens with smooth interfaces (S specimens). 
The study also varied UHPC hoop reinforcement ratio ρ

c,uh
, 

fiber type, and NSC strength ′fc,n . The bond-slip respons-
es, failure modes, peak bond strength τ

u
, and residual bond 

strength τ
r
 were evaluated. The study found that average τ

u
 

ranged from 1.6 to 4.9 MPa (0.23 to 0.71 ksi) for deformed 
interfaces, compared with 2.0 to 2.3 MPa (0.29 to 0.33 ksi) 
for smooth interfaces. Average τ

r
 ranged from 0.0 to 2.0 MPa. 

Figure 16. Comparison of peak bond strength τu for B and Z specimens compared with S specimens and slip at peak bond 
strength Su for B and Z specimens. Note: POM = polyoxymethylene. 1 mm = 0.0394 in.; 1 MPa = 0.145 ksi.

Figure 17. Predicted compared with experimental peak bond 
strength τu for ultra-high-performance concrete tubes with 
steel fibers and bubbled or corrugated textures. Note: fc ,n = 
compressive strength of normal-strength concrete.
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Empirical models were developed for τ
u
. These experiments 

resulted in the following findings:

•	 Bubbles produced nearly cylindrical recesses in UHPC 
tubes and increased τ

u
 by 29% to 120%, while vertical 

corrugations increased τ
u
 by 0% to 78%, relative to the 

smooth surface, depending on bubbles or corrugations 
size, fiber type, ρ

c,uh
 of the tube, and ′fc,n  of the NSC. 

However, these deformations reduced τ
r
 substantially.

•	 Hoop reinforcement ratio ρ
c,uh

 in a UHPC tube affected τ
u
 

more significantly with deformed interfaces (bubbles or 
corrugations) than with smooth interfaces. This can be at-
tributed to the induced internal pressure from mechanical 
interlocking, analogous to the bond of deformed reinforc-
ing bar embedded in concrete.

•	 Medium-sized bubble recesses of 25 mm diameter and 
8 mm rise (25 × 8 mm [1.0 × 0.31 in.]) in UHPC tubes 
with steel fibers produced higher τ

u
 than the smaller (10 

× 4 mm [0.39 × 0.16 in.]) and larger (30 × 13 mm [1.18 
× 0.51 in.]) recesses; however, the smallest (10 × 4 mm) 
produced the highest τ

r
.

•	 Medium-sized wavy corrugations with 10 mm pitch and 
5 mm amplitude (10 × 5 mm [0.39 × 0.20 in.]) in UHPC 
tubes with steel fibers mostly produced higher τ

u
 than 

the smaller (6 × 7 mm [0.24 × 0.28 in.]) and the larger 
(15 × 3 mm [0.59 × 0.12 in.]) corrugations. No specific 
trend was observed for their effect on τ

r
. While bubble 

rise increased with diameter, corrugation amplitude 
reduced with pitch.

•	 Compared with the control specimens, the (25 × 8 mm) 
bubbles increased τ

u
 by 88%, 112%, and 119% for ρ

c,uh
 

of 0%, 0.46%, and 0.93%, respectively, while the (10 × 
5 mm) corrugations increased τ

u
 by 44%, 70%, and 64%, 

respectively, for similar ρ
c,uh

 ratios.

•	 POM fibers reduced τ
u
. For the same ρ

c,uh
, τ

u
 in tubes 

with POM fibers decreased by 21% to 26% in bubbled 
interfaces and by 36% to 47% in corrugated interfaces, 
respectively, compared with their counterparts with steel 
fibers.

•	 Increasing ′fc,n  of the NSC core by 55% increased τ
u
 by 

18% to 22%, depending on the ρ
c,uh

 of the UHPC tube.

•	 Failure of NSC-filled bubbled protrusions of all sizes 
and small and medium corrugations (6 and 10 mm [0.24 
and 0.39 in.] pitches, respectively) was by direct shear, 
whereas large corrugations with 15 mm pitch slipped 
over without shearing. These were accompanied by 
longitudinal cracking of the UHPC tube that ranged 
from hairline cracks in small deformations to full split-
ting and even UHPC reinforcement rupture with large 
deformations.
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Notation

a	 = protrusion of deformation

a
b
	 = bubble rise

a
z
	 = corrugation amplitude

A
b,t

	 = bubble area at shear level

A
s
	 = interface surface area

d
b
	 = bubble diameter

d
z
	 = corrugation pitch

D
i
	 = inside diameter of ultra-high-performance concrete 

tube

D
o
/t

e
	 = outer diameter-to-equivalent thickness ratio

E
s
	 = modulus of elasticity of steel

′fc 	 = compressive strength

′fc,n 	 = compressive strength of NSC

′fc,u	 = compressive strength of UHPC
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f
u
 	 = tensile strength of steel

f
y
	 = yield stress of steel

H
b
	 = bonded region height

H
t
	 = height of UHPC tubes

K
b
	 = confinement factor

P	 = applied load

s	 = spacing of deformation

S	 = slip

S
u
	 = slip at peak bond strength

t	 = total wall thickness

t
e
	 = equivalent thickness

V
b
	 = volume of bubble or corrugation

x
b
	 = center-to-center bubble distance

ρ
c,uh

	 = hoop reinforcement ratio

τ	 = bond stress

τ
u
	 = peak bond strength

τ
uo

	 = reference shear/bond strength

τ
r
	 = residual bond strength
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Abstract

This study investigated the bond behavior between 
prefabricated ultra-high-performance concrete (UHPC) 
tubes and normal-strength concrete (NSC) fill using 
push-out tests. Bubble-textured and corrugated interfac-
es were examined and compared with control specimens 
with a smooth interface. UHPC hoop reinforcement ratio 
ρ

c,uh
, fiber type, and NSC strength ′fc,n  were also varied. 

The study found that peak bond strength τ
u
 ranged from 

1.6 to 4.9 MPa (0.23 to 0.71 ksi) for deformed inter-
faces, compared with 2.0 to 2.3 MPa (0.29 to 0.33 ksi) 
for smooth interfaces, while residual bond strength τ

r
 

ranged from 0.0 to 2.0 MPa. Bubbled texture with steel 
fibers increased τ

u
 by 29% to 120%, while corrugations 

increased τ
u
 by 5% to 78%; however, these deformations 

reduced τ
r
 substantially. Medium-sized bubble recesses 

of 25 mm diameter and 8 mm rise (25 × 8 mm [1.0 × 
0.31 in.]) and wavy corrugations of 10 mm pitch and 
5 mm amplitude (10 × 5 mm [0.39 × 0.20 in.]) pro-
duced the highest τ

u
. The 25 × 8 mm bubbles increased 

τ
u
 by 88%, 112%, and 119% for UHPC ρ

c,uh
 of 0%, 

0.46%, and 0.93%, respectively, while the 10 × 5 mm 
corrugations increased τ

u
 by 44%, 70%, and 64%, re-

spectively, for similar ρ
c,uh

 ratios. POM fibers reduced τ
u
, 

compared with steel fibers, by 21% to 26% in bubbled 
interfaces and by 36% to 47% in corrugated interfaces, 
respectively. Failure of NSC-bubbled protrusions of all 
sizes and small and medium corrugations was by direct 
shear, whereas large corrugations slipped over without 
shearing. Failure was generally accompanied by longitu-
dinal cracking of the UHPC tube, ranging from hairline 
cracks in small deformations to full splitting and even 
UHPC reinforcement rupture in large deformations. 
Empirical models were developed for τ

u
.

Keywords 

Bond, bubble, corrugation, deformation, interface, nor-
mal-strength concrete, smooth, UHPC, ultra-high-per-
formance concrete.
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