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Advanced Transportation \\\\\\\

Infrastructure Center (ATIC)

Our mission is to advance transportation infrastructure
related science, technology, and education.

Our vision is to make a meaningful contribution to safety and durability of transportation infrastructure in the region
through autonomy.

University of North Dakota Advanced Transportation Infrastructure Center is dedicated to augment transportation
infrastructure design, construction, and maintenance through automation and cutting-edge technologies.

Transportation infrastructure in North Dakota plays a crucial role in national security due fo the state's pivotal
contributions to food and energy production. ATIC aims to address the needs of this infrastructure while supporting
UND's mission of discovery and education.

Goals & Objectives

« Establish Research Programs: Address key challenges in Transportation Infrastructure aligned with UND's
strategic plan and North Dakota’s needs through basic and applied research.

« Educate and Train the Workforce: Provide practical, hands-on education and training opportunities for students,
researchers, and professionals in the field of transportation infrastructure to meet the increasing demands of
industry for a skilled workforce.
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Background

* There is statewide backlog in box
culvert construction

— Workforce shortage

» Additive construction of concrete,
AKA 3DCP, is one of the few
alternatives

» Technology has been used for
wall construction

— Limited applications in
transportation infrastructure

 Feasibility investigation for pipe

— Code compliance without
reinforcement

Advanced Transportation
Infrastructure Center
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Open Time Printability

- Fresh ’

characteristics
Workabality Manufacturability
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Claimed benefits of 3DCP \\\\\\Q

el o 10 — 50 % Conﬁrﬁ’gtio” e54 — 95 %
Workforce |8 50 _ 80 % Waste ° 30 _ 60 %

Need

Wogggtrce e 45 — 60 % Emissions K40 %

Vet » 20 — 76 % Weight KX/
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Construction \\\\\\\

Rheology > Printing - Hardened structural

1: 6-axis robotic arm
2: Pump: 40bars, agitator, vibrator
3: Mixer
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Printing process \\\\\\Q
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Material \\\\\\‘

* Fine aggregates (less than 2mm)

— Printer dependent 100
« Sand " //K
e Cement g 50 ——Graded Sand C778
& =>«20-30 Sand C778
 Water ;’ 40 —#-Fine Aggregate C33
o —e—masonry sand Strata
o MOdIerrS 20 —=—fine sand Strata
— Viscosity 0
. 0.01 0.1 1 10
— High Range Water reducer v
« Commercially available Pump system limitation

— Both from Europe and in US

» De Huizenprinter Vertico (HV), Sika (very short fiber
glass), Quikrete

« UND customized mix
— Minimal or no use of modifiers
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Commercial

Manufacturer

De Huizenprinters & Material 1 (M1)

Vertico
Sika Material 2 (M2)
Quikrete Material 3 (M3)

Advanced Transportation
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CUGLA
Water to Viscosmart
material P50 water (et Amo.r;.)hous Short Fibers
. . (Accelerator) Silica
ratio retention
agent
16% 40.13%  59.07% 0.80% - - 0.34 1.5 No
16% Not reported by the manufacturer Yes
16% 10-30% 40-70% - 1-5% 1-5% - - No
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3DCP

AN\

Early-stage
Tests

Binder Sand Additives flow
J Water HRWR ° UW 450 table
Cement Fine Coarse slc (% of VMA (% of (% of @5min
cement)
cement) cement)
0.6 1 0.335-0.36 0.75 1 1 189.15

Flow-table

Shape
retention

Extrudability

Advanced Transportation
Infrastructure Center
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Fresh properties

» Extrudability

— Controlled both
» Material
» Speed or arm
» Speed of pump

| :mcreasmg extrusion speed
| 4 EnTT AM”/‘FVA AR | N 2OV

'1"15 23&25¢ ,fi\\sfs

Infrastructure Center
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 Buildability
— Build until you can't!

Buildability of a one- ultimate Nozzle

layer hollow cylinder | N'Toor | hei height | diameter S
with 500mm diameter y (mm) (mm)

HV 14 10 140 18 100 20

S 22 12 264 18 100 NA

Infrastructure Center
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UND mix evaluation

Binder Additives
Water
W) | HRWR (%  VMA (% of
Cement coarse s/c
of cement) cement)
500 250 250 1 | 90(0.18) 0 0 Not mixed
500 250 250 1 |10002)| 10 0 Not mixed
Not mixed
500 250 250 1 |10002)| 10 2505) |\ oxored
500 0 500 1 |10002)| 10 0 M"r‘:t‘;'nstti'(‘:fr']m
500 250 250 1 |10002)| 15(@3) 0 M"r‘:ti'nstti'cf)fr;“"

Advanced Transportation
Infrastructure Center
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Binder Additives

Water
We)  LRWR (% VMA (% of
Cement coarse s/c
of cement) cement)
500 250 250 1 150 (0.3) 0 0 Not mixed
500 250 250 1 200 (0.4) 0 0 too flowable
500 250 250 1 150 (0.3) 2.5(0.5) 0 Well mixed
Well mixed-
500 300 200 1 150 (0.3) 2.5(0.5) 0 not
homogenous
500 200 300 1 |1500.3)| 25(0.5) 0 Well mixed-
homogenous

Infrastructure Center
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Proposed Mix Design \\\\\\Q

HRWR (% of

Mix Id Cement FS CS s/c w/c cement)
Mix 2 400 240 240 1.2 0.35 0 f¢ = 6.8 ksi
Mix 3 410 266.5 266.5 1.3 0.35 0 f¢ =9.2ksi

Advanced Transportation / / UNF s e ol
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3d printing (Mix 7) \\\\\\‘

= 3d concrete printing of Mix 7 (without
additives).

= Satisfied with the fresh properties
results.

» Satisfied extrudability, buildability and
printability.
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Structural testing \\\\\\‘

» Large scale samples
— Varied diameter (18"-32" nominal diameter)
— 1ft length (required length for Three-Edge Bearing test: ASTM C497)

\ ngld Steel Upper Bearing
Upper Bearing . e Rigid Steel Member Member (I-Beam) Wood Block
Wood Block I-Beam or Other Type
3DCP Pipe
+

Lower

: Bearing

Lower Bearing Strips Rigid Base Strips

Rigid Base =——

Infrastructure Center
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Takeaways from structural test \\\\\\‘

» Breaks similar to CIP pipes

Cracking [
direction

» Apparent voids (especially
when fiber was introduced)

: g , S
Advanced Transportation / lN?DNOlRVTi-l R [S)ATKb '(ID'A
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Structural properties \\\\\\\

Printed Pipes Strength Requirements of Similar

- Pipes in ASTM C14
Internal TEB Internal Minimum Strength
. Thickness  Length Strength . Thickness . . 9
Diameter (in) (in) (Ibfflinear Diameter (in) required TEB difference
(in) ft) (in) (Ibf/linear ft) (% higher)
| _HV |
S

33.75 5 11.75 33 4.5 4875 23
32.5 3.9 12.25 4470 33 3.75 3150 42
—S —HV
1.4
1.2
Zz 1
%o.s
S 0.6
—0.4
0.2
0
0 5 10

Deflection (mm)

Advanced Transportation lN?DNOlRVTi-l R [S)ATKb '(ID'A
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Seem section effect
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1.8
1.6
14
1.2
1 —0(2)
0.8 —0(1)
0.6
0.4
0.2

30

1.8
1.6
1.4
1.2

1 —30(2)
0.8 —30 (1)
0.6

Advanced Transportation
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1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

1.8
1.6
1.4
1.2

0.8

40

NN

2
1.8
1.6
1.4

—10 (2) 1.2

1
—10(1) 08

0.6
0.4
0.2

0

1.8
1.6
1.4
1.2
—40(2) 1

—40 (1) 0.8

/ UND

—20 (2)
—20 (1)
Lg
3 8
45
—145(2)
—45 (1)

UNITVERSITY
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Mechanical properties

Mechanical
Vertico, Sika

Early-stage

O EEO 41400 — 5200 psi

Seam Tensile 850 — 1200 psi

MOE 3066 — 3440 ksi
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Mechanical properties \\S\\\\Q

HV

7 days Compression strength of
material HV (printed)

9000

Reported 7 days compressive strength

Perpendicular
’ Parallel, :
MP
8000 6540 (45) 6458 (45) [psi (MPa)]

Longitudinal,
7000 5570 (38)
6000 5800 (40)
3000
2000
1000
0

Advanced Transportation / / lN’DNOIRVﬁ_I R [S)ATKYO oA

N
o
o
o

N
o
o
o

Stress (psi)

Parallel
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Hydraulic \\\\\\Q

« Manning Roughness Coefficient

2 1 Q = Flow Rate, (ft3/s) n = Manning’s Roughness Coefficient
— - . 3QC3 v = Velocity, (ft/s) R = Hydraulic Radius, (ft)
Q Va ( n )AR 5 A = Flow Area, (ft2) S = Channel Slope, (ft/ft)
A 140 AR™ §'2
R= WP Q= -

Infrastructure Center LEADERS IN ACTION
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Relative roughness \\\\\\Q

Filament dimension
4 —>

_»average height of surface irregularities
£

x=5

> pipe diameter

I: Considering half of the size of the filament as the
roughness:

Filament size of 1 in. and Pipe diameter of 33 in.

Relative Roughness = % = 0.015

Infrastructure Center
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Design tables for corrugated pipes

AN\

0.2

L e o L o e e

0.23 > ngpep > 0.13

and corrugated metal pipes

Advanced Transportation
Infrastructure Center

|(—125mm—)|
T B .
0.15+ R e e
D
|(— 145mm —)| e e e S -
e e -
0.1k R e .
B - e
»»»»»»»»»»»»»»» - e
o e BB P P i <o —
\"‘005 L e e e e e e e i
g B -
A 150mm = D S e e e -
0F
|<— 200mm —>| -0.05}F
_0.1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
x1/r,

Somewhere between reinforced concrete
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Durability \\\\\\\

8000 900
3DCP 7000 L
_ high = 700
<= 6000 g
£ penetrable = 600
R S
S 5000 T = 500
o ?_l}
ol ' E
5 4000 = 400
] = i
5 3000 £ 300
e ‘g o
: Durability (- = 200 |
Early-stage Mechanical : ! =2 op
Vertico Sika
1000 .
0 M1 M2 M1 M2
. 3DCP Cast
TEB Compression
ASTM C642
. i Absorption
Seam Tensile DenSIty P Bulk density Volume of
/ Pores Specimens . Absorption after . Bulk density . . Apparent
Absorption . . Bulk density, . _ after immersion . permeable
after immersion after immersion density
(%) dry (g/cm?3) and boiling pore space
immersion (%) and boiling (g9/cm3) (g/cm3) .
(g/cm3) (voids %)
MOE & —
P . ; 3DCP 11.55 10.68 11.55 1.96 217 2.18 2.53 22.62
oiIsson's Core 11.90 11.21 11.90 1.94 2.16 217 2.53 23.12
13.38 9.79 13.38 1.92 2.10 217 2.58 25.63
Mold-Cast
13.80 9.83 13.80 1.90 2.09 2.16 2.58 26.22
Difference between
average of mold-castK:¥4 -1.13 1.87 -0.04 -0.07 -0.01 0.05 3.05

and core specimens

Advanced Transportation UNIVERSITY OF
Infrastructure Center / UNW NORTH DAKOTA
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Tolerance \\\\\\Q

Layer at failure Elastic regime
Stress ~ Filament  Laver { g 4 - . . i : -
4 crosssection sequence Linear Plastic regime | Non-Linear Plastic &

«Layer11 E " ‘;: regime
A ] '
G on layer | i S
E T Ope[- Plastic yield stress ===~ x tTL—‘
:csou layer 3 ﬁ ¢ i g
,_ﬁ & \E, .
| N ; :
16 on layer 5 Z : &
hi « Layer 1 | | | E g. E -g
o z | | | i £ | s
| | I | :con layer7 - K S Elastic yield stress ' 8
! e =
| | | | ! E
5 16 on layer 9
3 | | | | | A S
%_¢ | | | | | EUOI[ layer 11 : - . >
& I | | | | | i JNo. of layer Strain ()
IR print completed Stress - Rate of change of Stress

Infrastructure Center
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Quality control (during construction) \\\\\N

=
S
£ g
oadce i -~
A
L - o 9
= ’
B ;
- 8 ‘,
% § 2 _
3
A
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Connections \\\\\\\

* Print tongue and groove

Tongue
Rubber Gasket

Single Offset

Tongue
section

Groove

 Use of sealant and ties

Infrastructure Center
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Tongue and groove

Dried printed
base with a layer
of plastic and
mold oil

Infrastructure Center LEADERS IN ACTION.

Advanced Transportation / / lN'DNOlRVTi-l R [s)ATKb '(ID'A



Pipe Joints Types IIIustrated\\\\\\‘

We have tried something similar to the top 2
without the tapers or offsets.

Confined Single Offset

Photo from
Rinker’s website:
https://www.rinke
rpipe.com/a-
complete-guide-
to-reinforced-
concrete-pipe/

Advanced Transportation / / lN'Dlu\]NOIRVﬁ_l R [s)ATKb '(ID'A
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The bottom one is what was referred to as a
“highway” joint. Notice no bell, just a flat
outer surface.

Tongue And Groove

Infrastructure Center




Connector AN

(Not different than conventional precast)

* Pipe Ties

Readily available for purchasing

Infrastructure Center
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Transportation \\\\\\‘

_ psing Hooks

Infrastructure Center LEADERS IN ACTION.
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Limitation

» Reinforcement placement
» Lack of standard

— NIST

Additive Manufacturing with Cement-based Materials

Summary & ORGANIZATIONS

Engineering Laboratory

nd Structural Systems

ructure Materials Group

& NIST STAFF

Shawn Platt
Kenneth A. Snyder

Colin Eason

Noelle Crump
Shawn Harris

Thomas Russo

¥ 2 hazar ic i Deborah Jacobs
enabled by 30CP ffex s, build
with local Tals in hostil military and mining applications), bulld taller wind
i toaceess Ry winds, and rep areas which are hard to access
o ; & CONTACT
sufficient P of 30¢P bjected to designed loading sh:
gn 3DCP structures Jicat i s
determining d a detailed i ip 30CP o
arecritical
3-D printing
7 it 1 in the 30CPp PROJECT STATUS
marka if od o i

Advanced Transportation
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Printing system limitation
d=36int=43%in h=4ft

X]1.30 %ﬁae

8" -Robot

/ LNDNSRTH DAKSTA
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ain Taksaways AN

» Unreinforced 3DCP pipes meet AASHTO strength and roughness
requirement

« Manning and roughness can be controlled by the printing system

» Continuous longitudinal seam section orientation affected structural properties
during TEB

« 3DCP pipe segments can be successfully connected with printed tongue and
grove

* No additive mixes can be printed

» Both strength and deflection varied between identical pipes
— Appropriate factors of safety must be developed

Infrastructure Center LEADERS IN ACTION.
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3DCP-PF and PPC Composite Action
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Why Box Culverts? \\\\\\Q

- Widely used in transportation infrastructure

Box culverts are:

- Repetitive, formwork-intensive structures
- Labor- and time-consuming to construct

Conventional construction challenges:
- Complex formwork assembly

- High labor cost

. Limited geometric flexibility

Advanced Transportation UNIVERSITY OF
Infrastructure Center / / lN'))NORTIL_ElAE%llﬁ%-Tﬁﬁ{
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Opportunity for 3DCP Formworks

Permanent formwork eliminates removal

Enables modular and optimized cross-sections
Potential structural contribution from printed shell
(composite action)

Faster construction

(3x4ft formwork)

Advanced Transportation / lN?Dlu\INOlRVTi-l R [S)ATKb '(ID'A
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\
Reinforcement Techniques in 3DCP (Overvm\\\\\\

» Conventional steel bars inserted post-
printing

 Embedded reinforcement during printing

* Mesh or cage placement inside printed
shells

» Fiber-reinforced printable concrete

 Mechanical interlock features I

Appearance at Appearance at
formwork completion concreting completion

Infrastructure Center
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Methodology \\\\\\Q

3D Concrete Printed 3x4 box culvert formwork
Mesh reinforcement installed after printing

Testing Protocols: Splitting tensile tests, bond strength tests, and full-
scale Beam Tests.

RISE

SPAN

Qartinn Thrii Rarral

Advanced Transportation lN?Dlu\INOIRVTi-l R [S)ATKb '(ID'A
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Reinforcement Design

(S

09

Placing the rebar cage in
the formwork

Final Rebar

)

Assembling rebars (4in
spacing

')
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Testing of samples

e /-day compressive strength
« 7-day Tensile strength

* Visual/dimensional
inspection vs ASTM C1577

Advanced Transportation / lN?Dlu\INOlRVTi-l R [S)ATKb _cla_A
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Results -7 days Compressive strength Test

3DCP (psi) PPC(psi) 3DCP + PPC
(psi)

TEST 1 6251 5442 4108
TEST 2 6467 5802 3368
TEST 3 6122 5494 3336

62380 5579.333333 3604

LEADERS IN ACTION
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Results -7 days Splitting Tensile strength Test

3DCP(psi) PPC(psi) 3DCP + PPC
(psi)
288 436 230

TEST 1

TEST 2 351 329 271

TEST 3 330 324 257
323 363 252.66

Advanced Transportation
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Failure Modes

3DCP-PF PPC 3DCP-PF and PPC
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Observations from Compressive Failure
« Compressive stress did not propagate through the full height of the
specimen

» Failure was localized near the top region, while the lower portion
remained largely intact

* No full-height splitting cracks observed, indicating non-uniform stress
distribution

Infrastructure Center LEADERS IN ACTION.
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Limitations

Reinforcement Integration

Coring and Penetrations Through Embedded Reinforcement

Buildability and Material Constraints

Composite Action Uncertainty

Construction Tolerances and Quality Control

Infrastructure Center LEADERS IN ACTION.
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