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Abstract Review History

This study presents a comprehensive numerical investigation into the shear behavior of dry joints Received: Sep 14, 2025
in precast segmental bridges constructed with ultra-high-performance concrete (UHPC). Given the Revised: Nov 26, 2025
critical role of joint performance in ensuring the continuity and integrity of precast bridge structures, Accepted: Dec 10, 2025

an advanced three-dimensional finite element (FE) model was developed using the Abaqus software K eywords
platform. The model incorporates the Concrete Damaged Plasticity (CDP) constitutive law and is UHPC
calibrated against experimental data to ensure its validity, showing excellent agreement with test
results (less than 5% discrepancy in peak load prediction). In the proposed modeling framework, o
UHPC segments, shear keys, and loading blocks are represented by three-dimensional solid elements, Dry joint

while the joint interface is captured through a surface-to-surface contact formulation that allows Finite element method
separation in the normal direction and frictional sliding in shear. Material parameters for the CDP  Shear capacity

model in both compression and tension are selected based on available UHPC test data and then fine-

tuned so that the numerical model reproduces the initial stiffness, peak shear capacity, and post-peak

softening response of a benchmark push-off test. This calibration procedure ensures that the simulated

load—-displacement curves and crack patterns closely follow the experimental observations, thereby

providing a robust and reliable numerical basis for the subsequent parametric study on the influence of

confining stress and shear-key geometry. A parametric study was subsequently conducted to evaluate

the effects of three governing parameters: (1) number of shear keys (1, 2, and 3), (2) shear key depth-

to-height ratio (D/H = 0.5, 0.6, 0.7) and (3) magnitude of lateral confining stress (o.= 3, 5, 10 MPa). A

total of 12 models were analyzed and force—displacement responses were extracted to compute key

performance indices: peak load (Pn.) , displacement at peak, initial stiffness, and residual force.

Results revealed that increasing confining stress leads to higher Py initial stiffness, particularly in

single-key specimens. Likewise, an increase in the number of shear keys significantly improves both

load-carrying capacity and post-peak stability. Key depth also enhances initial stiffness and shear

resistance, but excessive depth may induce more brittle post-peak behavior, especially in single-key

joints. All samples demonstrated a characteristic three-stage response: a steep initial ascent, followed

by a distinct peak, and then a softening phase that converged to a residual plateau. The observed

damage initiated at the upper shear key and progressed downward, consistent across multi-key

configurations. Interestingly, peak loads occurred at small displacements (0.48-0.70 mm),

highlighting the localized and early activation of joint resistance. Increases in capacity were mostly

attributed to steeper ascending branches, rather than larger peak displacements. To assess the accuracy

of existing analytical models, four shear strength prediction equations were evaluated: AASHTO, Voo

et al., Gopal et al. and Oettel & Empelmann. The predicted capacities were compared with FE results

for all 12 specimens. Among them, the AASHTO model showed the highest consistency, with a mean

V/V,z ratio of 0.73. The Oettel model yielded acceptable results (mean ratio: 0.58), while the Voo

and Gopal models significantly underpredicted shear capacity, with mean ratios of 0.35 and 0.36,

respectively. In conclusion, the proposed FE framework offers a reliable tool for analyzing UHPC

joints, and the findings suggest that confining stress and key configuration play critical roles in joint

performance. Additionally, current code-based equations may require refinement to adequately

capture the shear behavior of UHPC dry joints in precast segmental bridge systems. Based on the FE

database, a simplified design-oriented equation is also proposed to estimate the shear capacity of

UHPC dry joints as a function of confining stress, shear-key geometry, and number of keys, showing

good agreement with the numerical results over the investigated range.

Concrete segmental bridge
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fcu fé ft Ec )
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Table 3. Required data for defining UHPC in ABAQUS [17]
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Fig. 6. (a) modeling of specimen, (b) Meshing of specimen.

=L (s DL Sl e e o plnil OF st 2 s
PSS a5 K il gode e (s>
Lol mlgaal adsl o 5 ole b b e
i alie ol il s S aslie bl o 25 tlesl s
aalsl (sl OF plasl s 5 g3de e 35 L5l 5 sk
el ol ol S byl oladlas
o Sl sdaloc sy olaale — 50 s s (V) K3
Lgy e o 0L 0T blae g s Jlsse b acalis 3 15 (go0e

bl eiS b b o opl il LS 5 il (L5,

S A5 e golEs 55 glols DK1-D35-h100-52-2 ankss
ol 1l (IS0 T b s a8 il e JISKLLKs Y 631l «
o e de A plals Sl e (A 35l 55 Joee 4 SIS
Tl ol Do i aab g o el 1 O (VL
el o iy w5 Pl Sl 5 L sl

daa o3l i ys 5 gl Jdow Y'Y
4...:}&4 > 9o 6‘)_9-‘ Jas ‘u:*ﬁ}—:i )‘ «_.19-]0 C)—'i‘ BE

5ol osls axw JA}SbT)‘JJ‘(:J_’ s ,his,ss u.alf.wbaj

! Surface-to-Surface Contact



\f¢6 JLMJ sf B)loa:J nY; B)’é

R Ol et (qwiigs (sole alone

ol o b gl o i b goas s 1 ST L sl
Il s bl ailgy 33 5 s sbuly 3 dilS e
LS 15 el ge JlieSe VLS| b s kbl

300 T T T T T
[o832831], g +— Experimental
250 F | Numerical
i i i
'
200 [ g
;
E »
= 150 - R |
o » h N
@
1 1 -~
— 100 4 | *e e t—o—o—a v 4
4
504 4 i
L
0 e —
T T T T T
0 2 4 6 8

Displacement (mm)

s Gl o LS S L ankd O a8 — 50 s sel VIS
3 g0 \j"\ JJ.A
Fig. 7. Load — displacement curve of single shear key model for
validation of FEM model.

NE-DAS K 100522

DAMAGEC
(Avg: 75%)
0977

0279
0.140
0.000

sadome il e 5 Gialesl 53 S5 528 Sl alis A K3
Fig. 8. Comparison of crack propagation pattern in experiment
and finite element model

KR

S a sl ot jLad (gleand 5o sads Je VL
sddnlul oS 5 6 S dA) IS 55 zman el (5 IS L
@i Je 5 AT €500 3 el B xS S5
Jes A edalin oS jbolen ol a8 S 13 acilie 5550
@ode o s CnSi plg S 5 Cd iy e S 5 LT
Sl o b sl bt ol mls b s L6 Gl
et S S YW L Sl o Rl o se0 2l
3l 5 53 3 sdme (i) Joe Sl sl b b S Jl )
S 5y bolen ool 54 S YEY L last Lo )3 O L e ST
gl ek L pl Slasninl 5s ekl plg wd b ol 5l
J=0 s ol ol 4B S L s Ol S — 50 15 ge
sl ot (ol ol b b bl el an 335 5 Jsd
3 80ee 5 s 51 OLES S5 A, S5 OIS ki s 5 s se
5l el (g lwand Je T
S ol andllas Y

oS (o slresls Ly ae e glosl s 51 g
Cd b S sla el S e SRk ) s
olant kil 538 o sbeiaSe o S Jlasl L2
355 Joee b, SGeee Sys Gda b ow ) ol sl
s oLl (SOl 5 ontin ool slapize 36 L)
ol sla it Ol ey Sie el aw canllas sl 3
(ol Cla_.ﬂ D5 edkdanad 3 GlalS sl tuleds Ol
303 2 5L 5 (d/h) i LIS fLE ) s Gas s
Izl el a4 sl dles!

Sl s BISE s e L eyl opl Ol
SoS GlalS sl Cold 5 pae e slaesls oty
5 el bl st 4ol 0 S0 50 Jlail el s
o S 5N Sl (s pama st ] U s
Aoledd (g 3Lwans Abaqus J5le s 5s s b s e pams
WV 3P D s a3 A/ e (5 sl Tyl
5Ll Ve 50 s a3 503 o ssee L2 gl
ROW RPN VIS P S I DU TR C SN KR SPI

WJlail glasle 5l gladiy,y Zlmnal (tow pl olgh Sua

Ui 2ol 5 e aS 5 5l &y 50 4 yne b Qoo



S 031339050 gl OLids (egou plus

Lailgs 398 oy b dislujin slads »o JLasl Yoo LB, (s33e anllle

s e 0L ) sline (gladdS sluws L 4 ges
wlie SGlSe olyst LUHPC o glls et gai poles
s s (IS gle T s s o3l s Js
oled 55 5 el azils &5 ol et o3l res dde ol

Ll ol Ll LaJ e
(F) Jodr 53 48 ol ode 6503 VY Jels Llg oS 5
3 lin § 55 48 Wlodd Sl S 4 oS 5l diledel
Sl o 0Ll 5 as idgy ) (SO 5 witin Ll 5
awdin S sl A5l ol b il byl s s 1y dlast glesles
&@ULAMJLJJJL;)fla_i\ﬁjd)l.lf)l{‘bc\;ﬁ
P JLAS Oy sma 53 s sae LIS led S A s
ol e Jlasl Jie 5 il 53 wled 4l a0 155

UNLASJQJJ_J W“Sﬁ‘ Q}J\J}&.L}JM‘ cLﬁMjAJ L;“LQ;)J

Silwdde sla gl 5 ba gad iy o5 -V -Y
DL2s e 3 WIS Gae (5 AIS slaws iles 1 b Lol
Y ub@l LA‘\.:}N Ls\f J‘f.) g_,.!lj L LJ‘}?‘ 39 n}Lw 6)‘.4\§<=L:

Sl

ke YO LIS Gae ¢ 5 WIS S L (s g i g0

W 6)‘56(\3 "SK1-D35-P5" s L JKMQKA 0 ol LS
NG

Sl 5 ol ol sl Wt ped sy e L

e ke P BTSN Jsubjr—}f.adl:o‘\()' G eee chu.?)l
ej;uumflsdw(Q)JQw‘on;Jb)D

600

360

106

@
70 H 45

H a0
605

530
800
950

20 25

I=
| LW U i
(o shos a3 5lal) oy 035 50 Doladad ol g 1S 65101 sl A s
Fig. 9. An example of the measured view of the investigated Specimens (dimensions in mm)
o p2se S pes Sl F g
Table 4. Details of investigated specimens
Number Specimen Key number Key( r?]erg;[h D Key(rr]nerir?)ht H Depth-gs/ight ratio Confin(i:ﬂgpsg)ress on

1 SK1-D25-P3 25 0.5 3
2 SK1-D30-P5 L 30 0.6 5
3 SK1-D35-P10 35 0.7 10
4 SK1-D30-P10 30 0.6 10
5 SK2-D25-P3 25 0.5
6 SK2-D25-P5 9 25 50 0.5
7 SK2-D30-P3 30 0.6
8 SK2-D35-P10 35 0.7 10
9 SK3-D25-P10 25 0.5 10
10 SK3-D30-P5 3 30 0.6
11 SK3-D35-P3 35 0.7
12 SK3-D35-P5 35 0.7
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Fig. 10. Load — Displacement curves for joint with: (a) single shear key; (b) double shear key; (c) three shear keys
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Table 5. Summary of results from numerical analysis of specimens

Specimen Prax Apma Prs Pro/Prax Kt (KN/mm)
(kN) (mm) (kN)
SK1-D25-P3  237.4 069 1168  0.49 664.1
SK1-D30-P5 2857 062 1493  0.52 1850.6
SK1-D35-P10 3858 053 240  0.62 43718
SK1-D30-P10 3723 057 307.6  0.82 3174
SK2-D25-P3 3640 061 1529  0.42 1875.1
SK2-D25-P5 4218 061 1894 0.5 2379.4
SK2-D30-P3 3639 048 1564  0.43 1902.1
SK2-D35-P10 5120 049 2578 05 3100.8
SK3-D25-P10 5904 0.65 28L4 047 3094.9
SK3-D30-P5 4587 066 1983  0.41 2494.6
SK3-D35-P3 3924 068 1543  0.39 1685.1
SK3-D35-P5 4514 07 1959  0.43 24983
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Fig. 11. Joint damage contour for the specimen with: (a) single key; (b) double key; (c) three shear keys
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Table 6. summary of selected formulas for prediction of V in dry joints

(1) AASHTO

(2) Voo et al [15]

(3) Gopal et al [9]

(4) Oettel and Empelmann [21]

Vuz = HOpAgm + TxyAkeys ’
Vua = noy A]'oint + fchkeysr

Vi = Ageysy/6.792 X 1073, (2.4660, + 12) + 0.6Agn 0y,

Vuz = HOpAgm + TxyAkeys ’

w=—0.01050, + 0.565
i =—0.0090, + 0.59
w=09 ,f=011

3de Mo b s Lol 5l ol Cowesay o b anylie ol C:L.: o=V J gl
Table 7. Summary of results from comparing the capacity obtained from existing formulas with numerical analysis

Vv Vv Vv Vv
Specimen Vi (KN) Vi (kN) 77 Vig(kN) 7 Vig(kN) 57 Vg (kN) -
' Vuse Vuse Vuse Vuse
SK1-D25-P3 237.4 128.9 0.54 75.4 0.32 77.3 0.33 128.2 0.54
SK1-D30-P5 285.7 177.3 0.62 99.6 0.35 103.0 0.36 166 0.58
SK1-D35-P10 385.8 298.2 0.77 151.1 0.39 159.5 0.41 260.5 0.68
SK1-D30-P10 372.3 298.2 0.80 151.1 0.41 159.6 0.43 260.5 0.70
SK2-D25-P3 364.0 211.1 0.58 109.3 0.30 110.7 0.30 186.2 0.51
SK2-D25-P5 421.8 276.6 0.66 132.7 0.31 135.2 0.32 215 0.51
SK2-D30-P3 363.9 211.1 0.58 109.3 0.30 110.7 0.30 186.2 0.51
SK2-D35-P10 512.0 440.5 0.86 182.7 0.36 189.1 0.37 287 0.56
SK3-D25-P10 590.4 582.7 0.99 214.2 0.36 218.6 0.37 3135 0.53
SK3-D30-P5 458.7 375.9 0.82 165.7 0.36 167.4 0.36 264 0.58
SK3-D35-P3 392.4 293.2 0.75 143.1 0.36 144.1 0.37 244.2 0.62
SK3-D35-P5 451.4 375.9 0.83 165.7 0.37 167.4 0.37 264 0.58
avarage  0.73 0.35 0.36 0.58
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Fig. 16. Comparision between calculated results and existing
formulas
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