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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 

Fresh 
characteristics

Flowability

Extrudability

Printability

Manufacturability

Pumpability

Printing QualityTime Interval
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Claimed benefits of 3DCP

• 10 – 50 %Total Cost

• 50 – 80 %Workforce 
Need

• 45 – 60 %Workforce 
Cost

• 20 – 76 %Material Use

• 54 – 95 %Construction 
Time

• 30 – 60 %Waste

• 20 %Emissions

• 0 %Weight
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Construction

Rheology      Printing      Hardened       structural 
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Printing process

STL

G-Code

export

print
slice

CAD

program
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Material 
• Fine aggregates (less than 2mm)

– Printer dependent 

• Sand

• Cement 

• Water

• Modifiers
– Viscosity

– High Range Water reducer

• Commercially available 
– 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

Short Fiberss/cw/c
Amorphous 

Silica
CSA 

(Accelerator)

CUGLA 
Viscosmart 
P50 water 
retention 

agent

Fine 
Sand

Cement
Water to 
material 

ratio
MaterialManufacturer

No1.50.34--0.80%59.07%40.13%16%Material 1 (M1)
De Huizenprinters & 

Vertico

YesNot reported by the manufacturer16%Material 2 (M2)Sika

No--1-5%1-5%-40-70%10-30%16%Material 3 (M3)Quikrete
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3DCP

Material

Early-stage 
Tests

Flow-table

Shape 
retention

Extrudability

Buildability

Material is Printable

flow 
table 

@5min

Additives

Water

SandBinder

UW 450 
(% of 

cement)

VMA (% of 
cement)

HRWR 
(% of 

cement)
s/cCoarseFineCement

189.15110.750.335-0.3610.60.41
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Fresh properties 

• Extrudability
– Controlled both

• Material 

• Speed or arm

• Speed of pump 
increasing extrusion speed

0.5 1 1.5 2 2.5 3 3.5 4
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• Buildability 
– Build until you can’t!

Open time 
(minutes)

Nozzle 
speed 
(mm/s)

Nozzle 
diameter 

(mm)

ultimate 
height 
(mm)

Nozzle 
height 
(mm)

Number 
of layers

Buildability of a one-
layer hollow cylinder 
with 500mm diameter

20100181401014HV

NA100182641222S
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UND mix evaluation 

Note

Additives
Water 
(w/c)

SandBinder

VMA (% of 
cement)

HRWR (% 
of cement)

s/ccoarsefineCement

Not mixed0090 (0.18)1250250500

Not mixed010 (2)100 (0.2)1250250500

Not mixed
VMA expired

2.5(0.5)10 (2)100 (0.2)1250250500

Mixed-stiff-no 
retention

010 (2)100 (0.2)15000500

Mixed-stiff-no 
retention

015 (3)100 (0.2)1250250500
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No VMA

Note

Additives
Water 
(w/c)

SandBinder

VMA (% of 
cement)

HRWR (% 
of cement)

s/ccoarsefineCement

Not mixed00150 (0.3)1250250500

too flowable00200 (0.4)1250250500

Well mixed02.5 (0.5)150 (0.3)1250250500

Well mixed-
not 

homogenous
02.5 (0.5)150 (0.3)1200300500

Well mixed-
homogenous

02.5 (0.5)150 (0.3)1300200500
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Proposed Mix Design

HRWR (% of 
cement)

w/cs/cCSFSCementMix Id

00.41.2240240400Mix 1

00.351.2240240400Mix 2

00.351.3266.5266.5410Mix 3

2.5 (0.5)150(0.3)1300200500Mix 4 (AH)

2.5 (0.5)160(0.32)1300200500Mix 5 (AH)

2.5 (0.5)170(0.34)1300200500Mix 6 (AH)

00.371.2240240400Mix 7

𝑓௖
ᇱ = 4.7𝑘𝑠𝑖

𝑓௖
ᇱ = 6.8 𝑘𝑠𝑖

𝑓௖
ᇱ = 9.2 𝑘𝑠𝑖
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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)
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Takeaways from structural test

• Breaks similar to CIP pipes

• Apparent voids (especially 
when fiber was introduced)
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Structural properties 
Strength Requirements of Similar 

Pipes in ASTM C14
Printed Pipes

Strength 
difference 
(% higher)

Minimum 
required TEB 
(lbf/linear ft)

Thickness 
(in)

Internal 
Diameter 

(in)

TEB 
Strength 
(lbf/linear 

ft)

Length 
(in)

Thickness 
(in)

Internal 
Diameter 

(in)
Sample

2348754.533601711.75533.75HV
4231503.7533447012.253.932.5S
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Seem section effect

0
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Mechanical properties  
3DCP

Pipe

Early-stage Structural

TEB

Seam

Mechanical

Compression

Tensile

MOE

Vertico, Sika

4400 – 5200 psi

850 – 1200 psi

3066 – 3440 ksi
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Mechanical properties 

Perpendicular, 
6540 (45)

Longitudinal, 
5570 (38)

Parallel, 
6458 (45)

0

1000

2000

3000

4000

5000

6000

7000

8000

9000
S

tr
es

s 
(p

si
)

7 days Compression strength of 
material HV (printed)
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5800 (40)
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1mm

1mm
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Hydraulic 

• Manning Roughness Coefficient 
Q = Flow Rate, (ft3/s)
v = Velocity, (ft/s)
A = Flow Area, (ft2)

𝑄 = 𝑉𝐴 = (
1.49

𝑛
)𝐴𝑅

ଶ
ଷ𝑆

ଵ
ଶ

n = Manning’s Roughness Coefficient
R = Hydraulic Radius, (ft)
S = Channel Slope, (ft/ft)
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Relative roughness 

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 =
଴.ହ

ଷଷ
= 0.015

𝑥 =
ε

𝐷

average height of surface irregularities

pipe diameter

Filament dimension

1 in.

0.5 in.
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Design tables for corrugated pipes

Somewhere between reinforced concrete 
and corrugated metal pipes

0.23 > 𝑛3𝐷𝐶𝑃 > 0.13
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Durability 

3DCP

Pipe

Early-stage Structural

TEB

Seam

Mechanical

Compression

Tensile

MOE & 
Poisson’s

Durability

Vertico Sika

RCP

Density 
/Pores

ASTM C642
ASTM 

C497

Specimens
Volume of 

permeable 

pore space 

(voids %)

Apparent 

density 

(g/cm3)

Bulk density 

after immersion 

and boiling 

(g/cm3)

Bulk density 

after immersion 

(g/cm3)

Bulk density, 

dry (g/cm3)

Absorption 

after 

immersion 

and boiling 

(%)

Absorption 

after 

immersion (%)

Absorption 

(%)

22.622.532.182.171.9611.5510.6811.55M13DCP 

Core 23.122.532.172.161.9411.9011.2111.90M2

25.632.582.172.101.9213.389.7913.38M1
Mold-Cast

26.222.582.162.091.9013.809.8313.80M2

3.050.05-0.01-0.07-0.041.87-1.131.87

Difference between 

average of mold-cast 

and core specimens
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Tolerance 
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Quality control (during construction)

Loadcell

Visual 
Camera
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Connections 

• Print tongue and groove

• Use of sealant and ties 
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Tongue and groove

Dried printed 
base with a layer 

of plastic and 
mold oil
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Pipe Joints Types Illustrated

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

The bottom one is what was referred to as a 
“highway” joint.  Notice no bell, just a flat 
outer surface.

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

• Pipe Ties

(Not different than conventional precast)

Readily available for purchasing
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Transportation 

• Using Hooks Simple Methods
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Limitation 

• Reinforcement placement 

• Lack of standard Printing system limitation 
𝑑 = 36 𝑖𝑛, 𝑡 = 4 ¾ 𝑖𝑛  ℎ = 4 𝑓𝑡 

– NIST
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Main Takeaways 

• 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 
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3DCP-PF and PPC Composite Action

Eugene Assuah-Damoah
Research Engineer, Department of Civil Engineering, University of North Dakota, Grand Forks, North Dakota. eugene.assuah@und.edu 

Sattar Dorafshan
Assistant professor, Department of Civil Engineering, University of North Dakota, Grand Forks, North Dakota. sattar.dorafshan@und.edu
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Why Box Culverts? 
 Box culverts are:

o Widely used in transportation infrastructure

o Repetitive, formwork-intensive structures

o Labor- and time-consuming to construct

 Conventional construction challenges:

o Complex formwork assembly

o High labor cost

o Limited geometric flexibility

37



38
Advanced Transportation 

Infrastructure Center 

Opportunity for 3DCP Formworks

38

• Permanent formwork eliminates removal

• Enables modular and optimized cross-sections

• Potential structural contribution from printed shell

• (composite action)

• Faster construction

(3x4ft formwork)
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Reinforcement Techniques in 3DCP (Overview)

39

• Conventional steel bars inserted post-
printing

• Embedded reinforcement during printing

• Mesh or cage placement inside printed 
shells

• Fiber-reinforced printable concrete

• Mechanical interlock features
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Methodology

40

 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.
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Reinforcement  Design

Assembling rebars (4in 
spacing)

Final Rebar Placing the rebar cage in 
the formwork

3x4ft 
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Testing of samples

• 7-day compressive strength

• 7-day Tensile strength

• Visual/dimensional 

inspection vs ASTM C1577

42
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Results -7 days Compressive strength Test

43

3DCP + PPC
(psi)

PPC(psi)3DCP (psi)Sample

410854426251TEST 1

336858026467TEST 2

333654946122TEST 3

36045579.3333336280
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Results -7 days Splitting Tensile strength Test

44

3DCP + PPC
(psi)

PPC(psi)3DCP(psi)sample

230436288TEST 1

271329351TEST 2

257324330TEST 3

252.66363323
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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

46



47
Advanced Transportation 

Infrastructure Center 

Limitations

• Reinforcement Integration

• Coring and Penetrations Through Embedded Reinforcement

• Buildability and Material Constraints

• Composite Action Uncertainty

• Construction Tolerances and Quality Control

47


